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Abstract 
A multi-proxy provenance approach using sedimentology, petrology and detrital 
zircon U–Pb geochronology provides new constrains for the evolution of the Southern 
Central Andes. The Upper Cretaceous non-marine deposits f the Neuquén Basin 
referred as Neuquén Group in the central and southern sector of the basin, have been 
characterized as the first foreland basin associated with the early uplift of the Andean 
orogen at ca. 100 Ma. However, in the northern sector of the basin, the stratigraphically 
equivalent Diamante Formation has not been studied in detail yet. This work focuses in 
the outcrops of the Diamante Formation located betwe n Laguna del Diamante and 
Atuel River in southern Mendoza Province, Argentina (34°-35°S). The petrographic 
analysis of sandstones shows high content of volcanic d calcareous lithic fragments 
suggesting provenance from the underlying sedimentary units and the coeval volcanic 
arc associated with the onset of an important stage of deformation on the west. Detrital 
zircons from the base of the Diamante Formation were supplied sources from Upper 
Jurassic and Lower Cretaceous that were exposed during Upper Cretaceous times, 













exhumation of the surrounding Permo-Triassic crystalline basement. Finally, two 
maximum depositional ages were obtained, 107.2±1.4 Ma to Vega de los Patos and 
91.1±2.2 Ma to Vega Grande, suggesting uninterrupted activity of the volcanic arc 
during foreland basin deposition. In particular, the age of 107.2 Ma would indicate that 
the sedimentation of the Upper Cretaceous non-marine deposits occurred in the Albian 
at these latitudes (34°-35°S), which suggests that e onset of the foreland basin 
sedimentation is diachronic at different positions in the Neuquén Basin. 
 
1. Introduction  
For several years, the Upper Cretaceous non-marine deposits in the Neuquén 
Basin have been studied in order to understand the early uplift history of the Andean 
orogen using sedimentological, structural and provenance analyses. However, in the last 
couple of years, thermochronology and geochemistry have been added to constrain 
uplift and crustal shortening phases mainly at the central Neuquén and southern 
Mendoza provinces (Zamora Valcarce et al., 2009; Garrido, 2010; Tunik et al., 2010; Di 
Giulio et al., 2012, 2016, Balgord and Carrapa, 2016; Fennell et al., 2017a, 2017b; 
Asurmendi et al., 2017; Balgord, 2017; Folguera et l., 2015; Rojas Vera et al., 2014). 
The outcrops are largely developed in the San Juan, Me doza, Neuquén and Río Negro 
provinces, Argentina, reaching 1.600 m in some areas (Orts et al., 2012). According to 
several authors, those rocks are Cenomanian-Campanian i  age (Legarreta and 
Gulisano, 1989) and are known as the Neuquén Group s th of 35°S (see Garrido, 2010 
for more details). North of 35°S these are known as Diamante Formation and their age 
seems to be Albian-Santonian (Mackaman-Lofland et al., 2019). Previous studies in 
central Neuquén and southern Mendoza provinces indicate that before the uplift of the 













fluvial systems and perennial lakes, represented by the sediments of the Bajada del 
Agrio Group (Zavala et al. 2001, 2006; Ponce et al. 2002; Tunik et al., 2010). The 
Bajada del Agrio Group was formalized by Leanza (2003) to include the Huitrín and 
Rayoso formations, while the Diamante Formation was initially defined by Groeber 
(1946) to include all the reddish nonmarine deposits overlying the Huitrín Formation in 
Mendoza Province, which have not been studied in detail since then. The reasons why 
the authors of this manuscript decided to use the name of Diamante Formation instead 
of Neuquén Group are related to the discrepancy that was generated from the different 
background and parameters that were taken into account t  correlate the units at a 
regional-level based on the absence of guide levels and fossil content. It is not possible 
to detect the same facies arrangement and divide the unit into subgroups or formations 
compared to the central-southern sector of the Neuquén Basin. However, the age of 
detrital zircons is an important tool to demonstrate  correlation between the nonmarine 
deposits outcropping in the Mendoza Province and the Neuquén Group defined further 
south. In consequence, the authors of this manuscript onsidered the Diamante 
Formation as a temporary equivalent of the Neuquén Group because of the stratigraphic 
position and the ages of detrital zircons.  
Detrital zircon U–Pb geochronology has become a comm n tool in the last 
couple of years to obtain maximum sedimentation ages and characterize the provenance 
of sedimentary units. This study aims to determine th  timing, depositional 
environments and source areas of foreland basin deposits in the northern sector of the 
Neuquén Basin from a multidisciplinary approach that combines sedimentology, 
petrology and detrital zircon U–Pb geochronology of the Diamante Formation in the 
localities of Vega Grande and Vega de los Patos, located in the central-western sector of 














2. Geological setting  
The study area is located in the central-western sector of the Mendoza province, 
in the geological province of the Principal Cordillera (Turienzo, 2009) and more 
specifically in the Malargüe fold- thrust belt (Kozl wski et al., 1993; Manceda and 
Figueroa, 1995) (Figs.1-2), approximately 120 km west of the San Rafael city and 13 
km from the Las Aucas village. 
The Malargüe fold-thrust belt exposes sediments of the Neuquén Basin, on the 
eastern slope of the Andes in Argentina, between 32° and 40°S (Fig. 1). This basin 
comprises a continuous sedimentary record from the Lat Triassic to the Early Cenozoic 
and includes non-marine and marine siliciclastics, arbonates and evaporites that 
accumulated under a variety of basin styles (Howell et al., 2005). It is bounded towards 
the northeast by the San Rafael Block and towards the southeast by the North 
Patagonian Massif, while its western margin corresponds to the Mesozoic magmatic arc 
(Fig. 1) (Howell et al., 2005; Charrier et al., 2007, 2014).  
The opening of the Neuquén Basin is related to extensional processes occurred 
in a retroarc position starting in Late Triassic times, which coexisted with minor 
tectonic inversion episodes in the Huincul ridge during the Jurassic-Cretaceous interval 
(Vergani et al., 1995; Howell et al., 2005; Silvestro and Zubiri, 2008; Armas and 
Sanchez, 2013 among others). Since the Late Cretaceous, as a consequence of the 
Andean uplift, the Neuquén Basin evolved into a typical foreland basin, whose base 
defines a regional unconformity with the underlying sediments (Cazau and Uliana, 
1973; Ramos, 1999; for a summary, see Garrido, 2010).  
The transition into a foreland basin begins at the end of the Early Cretaceous 













and causing the migration of the orogenic front towards the east (Gianni et al., 2018). 
Provenance analyses and detrital zircons U-Pb age ptt rns suggest that the foreland 
basin was established in the retroarc at approximately 100 Ma with the deposition of 
Neuquén Group or Diamante Formation (Tunik et al., 2010, Di Giulio et al., 2012, 
2016, Balgord and Carrapa, 2016 and Fennell et al., 2017a). 
The Upper Cretaceous Andean foreland basin comprises a tratigraphic record of 
synorogenic sediments, referred as Neuquén Group in the central and southern areas of 
the Neuquén Basin, and Diamante Formation in the northern area. The Neuquén Group 
comprises a thick non-marine succession and is subdivide  into three subgroups (Río 
Limay; Río Neuquén; and the Río Colorado) and seven formations: Candeleros, 
Huincul and Cerro Lisandro formations in the Río Limay Subgroup; Portezuelo and 
Plottier formations in the Río Neuquén Subgroup; Bajo de la Carpa and Anacleto 
formations in the Río Colorado Subgroup (Cazau and Uliana, 1973; Uliana et al., 1975; 
Ramos, 1981; Leanza and Hugo, 2001; Leanza et al., 2004; Garrido, 2010). The 
formations within this unit record a cyclic repetition of medium- to coarse grained 
facies, interpreted as braided and meandering fluvial channels, fine-grained alluvial 
plain deposits with intercalations of aeolian systems and shallow lakes (Legarreta and 
Uliana, 1998; Garrido, 2010). This cyclic pattern is interrupted by the overlying 
Maastrichtian - Palaeocene marine facies of the Malargüe Group (Uliana and Dellapé, 
1981; Barrio, 1990; Aguirre-Urreta et al., 2008). On the other hand, the Diamante 
Formation is informally divided into three members according to Balgord and Carrapa 
(2016) broadly correlated with the Río Limay, Río Neuquén and Río Colorado 
subgroups from the Neuquén Group. On the base, the unconformity that separates the 
Bajada del Agrio Group from the base of the Neuquén Group corresponds to a basin-













However in our study area this unconformity is not represented, being the contact 
between the Bajada del Agrio Group and the Diamante Formation transitional (Lothari 
et al., 2018).  
Based on paleomagnetic studies, Dingus et al. (2000) estimated the age of the 
Anacleto Formation (top of the Neuquén Group) as early Campanian (~ 83.5-79.5 
million years old). In the southern part of the Neuquén Basin, in the Cerro Policía site 
(39ºS), Corbella et al. (2004) obtained a zircon fission-track age of 88±3.9 Ma 
(Coniacian) for a tuff interbedded in the lower section of the Neuquén Group, which 
confirms the Late Cretaceous age of this unit. However, the absence of radiometric ages 
on volcanic levels interbedded in the Neuquén Group impedes to obtain an absolute age 
of this unit.  
 
3. Methods 
A detailed stratigraphic study along with provenance analyses based on 
sedimentary petrography were combined with U–Pb detrital zircon geochronology of 
samples collected from the Diamante Formation in outcr ps located between the Río 
Diamante and Río Atuel (34°30’-34°50’S). 
Sedimentology 
The stratigraphic analysis of the non-marine Upper Cretaceous succession was 
carried out based on the description of two stratigphic sections (Fig. 3-4) of metric 
scale. This analysis included a detailed description of outcrops and measurements using 
Jacob's staff. This allowed the characterization of sedimentary facies based on lithology 
(including texture and composition), sedimentary structures (types, dimensions and 
orientation in case of having directional character) and internal organization. The 













modifications. This information allowed the definiton of facies and facies associations, 
which were interpreted to propose a paleoenvironmental model of the Diamante 
Formation in this sector of the basin. 
Petrography 
A systematic sampling of sandstones was carried out based on two detailed 
stratigraphic sections from Vega Grande and Vega de los Patos locations (Fig. 3-4), 
which were observed under a magnifying glass for a complete macroscopic description. 
Standard 30 microns thin sections were impregnated with blue epoxy resin in order to 
highlight the porosity, stained with alizarin red to distinguish dolomite and calcite and 
also with potassium ferricyanide to distinguish ferroan and non-ferroan calcite 
following the method of Dickson (1965). After analyzing the sections under a 
petrographic microscope, 10 samples from Vega Grande area and 8 from Vega de los 
Patos were selected for the study of detrital modes and provenance (Appendix 1). The 
sandstones were classified following Folk et al. (1970) and the Gazzi-Dickinson method 
was used for the provenance analyses based on a 400 clasts count for each thin section 
(Ingersoll et al., 1984). All the data was later included in the Dickinson et al. (1983) 
discrimination provenance diagrams.  
U-Pb detrital zircon geochronology 
A sample of a re-worked tuff located on the top of the Vega Grande section was 
collected (VG24-16) for the separation and U-Pb dating of detrital zircons. This re-
worked tuff level is 50 cm thick, massive, friable, white to grey and appears below a 
floodplain deposit with paleosol development. Another sample of medium-grained lithic 
feldespathic sandstone was collected from the base of the Vega de los Patos section 














The separation of zircons was carried out in two stages. The first was carried out 
at the Instituto de Investigación en Paleobiología y Geología (CONICET-UNRN). In 
this place, standard separation techniques were used, which consist of milling, sieving 
and subsequent concentration by hydraulic methods of heavy minerals. Those heavy 
minerals were later observed under a magnifying glass to confirm the presence of 
zircons. During the second stage, the concentration of heavy minerals was sent to the 
Arizona LaserChron Center of the Arizona University, where the separation of zircons 
was first performed using heavy liquids and Frantz separator. Finally, the U-Pb dating 
of detrital zircons was conducted by laser ablation multicollector inductively coupled 
plasma mass spectrometry (LA-MC-ICPMS), based on the methodology and analytical 
data proposed by Gehrels et al. (2006, 2008). For details in the methodology and 
analytical data see Appendix 2. 
 
4. Results 
4.1. Facies Analysis 
In the area of Vega Grande (Fig. 6B), the Diamante Formation has a thickness of 
377 m, presents a covered base and towards the top shows a change from red-mudstones 
to laminated green and yellow siltstones and shales (Fig. 5A) marking a transitional 
passage towards marginal marine deposits of the Saldeño Formation (Tunik, 2001). In 
this area, the unit is divided into two upward fining and thinning sequences (Fig. 3). 
Nine facies and two facies associations - Channels and Bars (FAI) and the Floodplain 
(FAII) – were established in this area (Gómez et al., 2016a, 2016b).  
In Vega de los Patos area, the contact between the Rayoso and Diamante 
formations is semi-covered with a transitional passage marked by a change from thinly 













sandstones and conglomerates without gypsum and with len icular geometries (Fig. 5D) 
showing a clear change in the paleoenvironmental conditi ns. Fifteen sedimentary 
facies and five facies associations were analyzed and interpreted; A: restricted brackish 
lake; B: ephemeral lake; C: terminal lobes; D: high-sinuosity channels and E: braided-
channels (Fig. 4). The analysis of facies associations and their spatial arrangement 
allowed the detection of two depositional sequences: S1 and S2. Both sequences have 
similar thickness (S1: 305 m; S2: 280 m). S1 and S2 are composed of the organized 
sequence of facies associations C, D and E. This arrangement in the sedimentary 
succession marks cyclicity in stacking patterns showing a change regarding associations 
A and B located toward the base of the section. However, contact between associations 
B and C is transitional. In this area, the measured thickness of the Diamante Formation 
is 565 m (Lothari et al., 2018).  
In both areas, paleocurrent data is limited, due to the absence of measurable 
sedimentary structures and the scarce levels with imbricated clasts.  
Another important feature is the presence of conglomerates at the top of both 
stratigraphic sections composed almost exclusively of carbonate fragments (Fig. 6D) 
with ammonites.  
 
4.2. Sandstone Petrography 
The Upper Cretaceous sandstones of the Diamante Formati n in the area of 
Vega de los Patos and Vega Grande are mainly feldspatic litharenites, on average 
Q44F18L38, and scarce litharenites, on average Q37F13L50 (Appendix 1-Fig. 8A), with 
percentages of matrix below 10%. 
The average quartz proportion in the samples is of 42% and the predominant 













extinction (5.2%) was also recognized, as well as quartz as a fragment of a volcanic 
rock (on average 5%). Embayment quartz with volcanic matrix preservation was 
observed. Within the analyzed stratigraphic section, a clear tendency to increase the 
quantity of quartz towards the top can be observed, with values of 33% in the bottom of 
Vega de los Patos to 55% in the upper part of Vega Grande. The polycrystalline quartz 
(on average 6.7%) is relatively low in all the section.  
Regarding alkaline feldspar and plagioclase, the average proportions are of 8% 
and 6.1% respectively, and normally present sericitic and argillic alteration. In addition, 
alkaline feldspar and plagioclase (on average 2.5%) were recognized as volcanic rocks 
crystals and in some cases replaced by calcite (Fig. 7). 
The lithic fragments make up for 42% of the clastic fraction, a high average 
percentage compared to the quartz and feldspar (Fig. 7). This characteristic was also 
noticed by Balgord and Carrapa (2016) for the Diamante Formation located around 100 
km to the south. The lithic fragments are angular to subangular and present themselves 
in various ranges of sizes, and belong to volcanic rocks, more specifically to the 
paleovolcanic type according to Critelli and Ingersoll (1995). In almost all the samples, 
fragments of volcanic rocks with felsitic, granular, micro granular and seriate textures 
are predominant, although volcanic fragments with pilotaxic and pyroclastic texture 
were also observed. In addition, high proportions (34.5%) of calcareous lithic fragments 
in the mid part of the section (sample VG16) were rcognized (Fig. 7C). A large amount 
of altered lithic fragments and pseudomatrix (VG2) was also identified. Sedimentary 
lithic grains, metamorphic rock fragments and plutonic lithic clasts were observed as 
well in very low proportions (less than 2%).  
The most common type of cement is the calcareous, followed by zeolitic, 













scarce poikilotopic (Fig. 7). The alizarine red and potassium ferricyanure stain allowed 
establishing that carbonate cement is non-ferrous calcite. The average percentage of 
zeolitic cement within the samples is low (2%), butin some samples like VG9 and VG8 
the percentage rises due to the presence of analcime which occurs as pore filling cement 
and in subhedral crystals related to calcite cementation (Fig. 7).  
 
4.3. Provenance 
4.3.1. Point counting  
In this study the sandstones modal analysis is usedto characterize the input area. 
The recalculated modal composition for the sandstones (Appendix 1) was plotted on the 
provenance graphs of Dickinson et al. (1983). The Qt-F-Li graph indicates that the 
analyzed samples mostly fall in the recycled orogen fi ld and few in dissected arc field 
(Fig. 8B). This variation correlates with the stratigraphic position of the samples, with 
the dissected arc field samples belonging to the bas  of the Vega de los Patos section, 
while samples falling inside the recycled orogen field belong to the top of Vega Grande 
section. On the other hand, the Qm-F-Lt graph (Fig. 8B) shows a more irregular 
distribution of the samples, mostly falling in the transitional recycled field and the 
others being distributed in four fields; mixed, dissected arc, transitional arc and lithic 
recycled. For details in the analytical data see Appendix 1. 
 
4.3.2. Detrital Zircon Analysis 
 Two samples from the Diamante Formation were analyzed for detrital zircon U-
Pb geochronology (Table 1A-B-Appendix 2). Frequency histograms, relative 














The sample from Vega Grande section corresponds to a reworked tuff (VG24-
16, n=187) and is located at the top of the section (34°40'18.56"S; 69°40'3.32"W), near 
to the contact with the Saldeño Formation. 187 U-Pb ages were determined, presenting 
their distribution a multimodal pattern (Table 1). This sample is dominated by three 
major age populations, 250-300 Ma (50%), 900-1200 Ma (20%) and 500-600 Ma 
(11%), with minor peaks that correspond to the youngest zircons of Cretaceous age 
(4%), as well as those of Early Paleozoic age (4%), Mesoproterozoic (7%), 
Paleoproterozoic (3%), and even a zircon of Neoarchaean age (1%) (Fig. 9A-C). 
On the other hand, a sample of litharenite (VLP001-17, n=212) from the base of 
Vega de los Patos section (Lothari et al., 2018), near to the contact with the Bajada del 
Agrio Group (34°39'31.04"S, 69°41'33.68"O), three main peaks can be distinguished; 
250-365 Ma (32%), 500-700 Ma (21%) and 100-153 Ma (23%) (Table 1). The 
difference between the age distribution of both samples (VG24-16 and VLP001-17), is 
the peak of young ages. In the case of this last sample, the population of younger ages is 
greater, including Cretaceous and Late Jurassic ages, while the other two peaks are 
repeated in both samples with different percentages (Fig. 9B-D). 
 
4.4. Maximum Depositional Age 
Both samples contain distinct young zircon U/Pb ageclusters that may be used 
to infer the maximum depositional age of the sample. 
For the calculation of the maximum depositional age, different ways of 
measurement were considered, from the most robust to the least robust from the 
statistical point of view (Dickinson and Gehrels, 2009). As a result of data analysis, 
weighted mean average of the youngest cluster of tw or more grain ages that overlap at 













Diamante Formation. The ages also overlap with the TuffZirc age, especially in the 
sample VG24-16, since in the sample VLP001-17 it does so with certain uncertainty. 
TuffZirc age is an algorithm defined by Ludwig and Mundil (2002) for the youngest 
cluster of coherent grain ages. Finally, the authors decided to use the first estimation 
since the error is smaller (1σ), while in the TuffZirc algorithm the uncertainty is greater 
(2σ). The analytical details are provided in the appendix. 
The sample of reworked tuff (VG24-16) from the top f Vega Grande section, 
yields a maximum depositional age of 91.1±2.2 Ma (1σ;n=3) (Fig. 10A), while the 
sample of litharenite from the lower portion of the V ga de los Patos section, yields a 
maximum depositional age of 107.2±1.4 Ma (1σ;n=4) (Fig. 10B).  
 
5. Discussion 
5.1. Importance of lithic fragments composition  
The petrographic analysis suggests that the composition and proportion of lithic 
fragments in the Upper Cretaceous sandstones is notonly associated with the nature and 
tectonic history of the source area, but also reflects particular transport and weathering, 
which can be interpreted as semi-arid due to the high amount of lithic fragments (Potter, 
1994). The presence of embayments on the quartz supports active volcanic processes, 
while the presence of analcime as cement (sample VLP01, VLP02, VLP03, VLP05, 
VG1 and VG9) indicates volcanic glass alterations. The latter presents itself filling 
pores, completely sealing the porosity present. Thevolcanic lithic fragments with 
felsitic textures could derive from uplift and erosion of the San Rafael Block to the east-
northeast (Kleiman and Japas, 2009) as well as fromLate Jurassic-Early Cretaceous 
extensive bimodal magmatic activity to the west (Vergara et al., 1995). Based on the 













volcanic lithic fragments with pilotaxic and pyroclastic textures, which indicate the 
erosion of a volcanic arc, along with the presence of calcareous lithic fragments (sample 
VG16), provenance from the western Andean orogen is clear. This suggests a stage of 
active deformation and exhumation in the area. In reference to the latter, Tunik (2001) 
mentioned the presence of limestone clasts in the Diamante Formation about 20 km 
northwest from the study area while describing the general overview of the unit. On the 
other hand, Borghi et al. (2017) described fragments of limestone in conglomerates of 
Neuquén Group to the south of the study area while Balgord and Carrapa (2016) 
described, in an area near the locality of Malargüe, a change in sandstone composition 
within the Diamante Formation, from volcanic lithic on the base (lower Diamante 
Formation) to a higher content of sedimentary lithic fragments towards the mid and 
upper parts (middle and upper Diamante Formation). These authors interpreted this 
sandstone composition variation as a change in the source area, first from the east and 
then from the west, based on the migration of the for bulge, product of the eastward 
migration of the fold-thrust belt front. It is important to consider that the volcanic rock 
fragments could be associated with the erosion of the San Rafael Block, another 
positive area located towards the east. Noteworthy, input from both magmatic arcs and 
recycled orogen is a common feature in foreland basins, especially in orogenic systems 
involving active magmatic arcs (Scasso and Limarino, 1997). In these conditions, the 
detrital modes will reflect, just as Dickinson et al. (1983) diagrams show, transitional 
characteristics within the field of recycled orogen. 
5.2. Upper Cretaceous active volcanism (34-35°S) 
The presence of at least two thick levels of reworked tuffs in the Vega Grande 
area fall in agreement with the existence of active volcanism near the area during Late 













Cretaceous volcanic activity in the Chilean Andes and their relation with BRCU 
(Brownish Red Clastic Unit), a unit correlated with the Neuquén Group in Argentina. 
According to these authors, the Plan de los Yeuques Formation represents the Upper 
Cretaceous (Campanian-Danian) coeval magmatic arc at this latitude of the Chilean 
Coastal Cordillera. These events represent a bimodal volcanic suite and extended at 
least between the early Campanian and Danian (~ 80-63 Ma). This is coherent with the 
presence of acid and mafic lithic volcanic fragments in samples of the Diamante 
Formation at ~ 34°S (Argentina) and could be the source of detrital zircons <100 Ma (~ 
92-80 Ma) from Vega Grande sample (VG24-16).  
5.3. Significance of geochronological data 
According to the frequency diagram of detrital zircon ages, obtained from 
VG24-16 sample analysis, a multimodal pattern of ages can be distinguished. One of the 
main age peaks corresponds to Gondwanic ages, especially Permian ages. Those ages 
are related to the Choiyoi Magmatic Province (Kay et al., 1989) and Precuyano cycle 
rocks exposed both to the east (San Rafael Block) and north-east of the study area 
(Frontal Cordillera). Therefore, taking into account the scarce information of 
paleocurrents in this section, the source area is uncertain since there are multiple 
possibilities. Another important peak of zircon ages is the Neoproterozoic-Lower 
Cambrian peak derived from Pampean magmatism (500-60  Ma), exposed in outcrops 
located to the east of the study area (Ramos, 2010). The Meso-Neoproterozoic-aged 
zircon grains, representing 20% of the total sample, could be derived either from the 
Grenville basement (900-1250 Ma) of the Chilenia terrane in Frontal Cordillera (Ramos 
and Basei, 1997) or from the basement of the Cuyania terrane in the San Rafael Block 
(Cingolani et al., 2005; Thomas et al., 2012) located northeast and east of the study 













percentage of the sample (n = 187) and have ages ranging from 81.5 to 112.5 Ma. The 
latter, despite being scarce, supports the contribution from the Cretaceous Andean arc 
(Tunik et al., 2010) located to the west. Moreover, the presence of youngest zircons in 
VG24-16 sample (e.g. 81.5 Ma) represents a difference with detrital zircon data from 
the upper Neuquén Group in others parts of the Neuquén Basin (Fennell et al., 2017a; 
Balgord and Carrapa 2016; Di Giulio et al., 2012; Tunik et al., 2010), where detrital 
zircons younger than 100 Ma are absent. This absence has been interpreted as the result 
of the growth of the fold and thrust belt inhibiting the sediment supply from the 
Cretaceous magmatic arc located in the current Coastal Cordillera, Central Depression 
and Western Principal Cordillera (Muñoz et al., 2018) or to a decline in arc activity 
between ca. 100 and 85 Ma (Fennell et al., 2017a; Balgord, 2017). Probably, the 
presence of youngest zircons in the Vega Grande sample, which can be derived either 
from: (i) the recycling of Upper Cretaceous sedimentary deposits located on the 
topographic barrier, (ii) the transport of volcanic material located in the back-arc area 
through fluvial systems or (iii) the presence of air-f ll tuffaceous levels.  
Regarding VLP001-17 sample from Vega de los Patos area, the ages of the 
zircons ranging from 102.5 to 153.8 Ma suggest thate source is associated with the 
erosion of the Andean magmatic arc located to the west (Tunik et al., 2010). The Upper 
Jurassic zircons ages (144.2 to 153.8 Ma) could come from either the erosion of the 
Late Jurassic magmatic arc (Rossel et al., 2014) and/or from the erosion of continental 
successions of the Tordillo Formation (Naipauer et al., 2015). On the other hand, Lower 
Cretaceous zircons ages (102.5 to 139.2 Ma) could come from the erosion of the Lower 
Cretaceous magmatic arc related to an extensional regime on western Gondwana 
(Ramos, 1999) and/or from the erosion of Lower Cretac ous sedimentary units of the 













difference between the age peaks of both samples is that in sample VLP001-17, 
Grenvillian-ages zircon grains are subordinated (8%), while in sample VG24-16 they 
represent one of the main peaks (20%). Those zircon grains could be derived either 
from the Andean crystalline basement or from the Cuyania terrane (San Rafael Block) 
due to peripheral bulge uplift (Di Giulio et al., 2012).  
The weighted mean age obtained for the youngest zircons at 91.1±2.2 Ma 
(1σ;n=3) from the top of the Diamante Formation in Vega Grande section and 
107.2±1.4 Ma (1σ;n=4) from the base of that unit in Vega de los Patos section, indicate 
Turonian and Albian maximum depositional ages, respectively. The first absolute age 
(91.1 Ma) is very close to the only radiometric age reported for the Neuquén Group, 
88±3.9 Ma, based on a fission-track analysis made on an ash-flow tuff at the base of the 
Huincul Formation (Corbella et al., 2004) while the second maximum depositional age 
(107 Ma) is more coherent with the youngest zircons age population (98.6±2.5 Ma; 
100.5±2.1 Ma;104.3±2.5 Ma) described in the Candeleros Formation (base of the 
Neuquén Group) in the central and southern sector of the Neuquén Province (Tunik et 
al., 2010; Di Giulio et al., 2012) and with maximum depositional ages obtained by 
Fennell et al. (2017a) (100.2±2.1 Ma) and Balgord and Carrapa (2016) (97±2 Ma) in 
southern Mendoza Province. 
 
6. Conclusions  
The main conclusions of this study can be summarized as follows: 
- The petrographic analysis shows that the sandstone  f the Diamante Formation in the 
Vega de los Patos and Vega Grande area are mainly feldspatic litharenites (on average 













classification. The source areas, according to Dickinson et al. (1983), are recycled 
orogen (diagram QFL) and transitional recycled (diagram QmFLt). 
- The youngest U-Pb ages of detrital zircons, the petrographic features of sandstones 
and the composition of conglomerates suggest the presence of a coeval volcanic source 
located to the west during sedimentation.  
-The presence of limestone fragments with ammonites in conglomerates from both 
study areas suggests provenance from the western Andean orogen related to the growth 
of the fold and thrust belt that exposed Jurassic and Cretaceous sedimentary rocks.  
- The variations in the U-Pb age patterns described n this work, between the base and 
the top of the Diamante Formation (Vega de los Patos nd Vega Grande respectively) 
was probably associated with an increase in the volcanic activity in the beginning of the 
Late Cretaceous (base of Diamante Formation) and the Andean exhumation during 
Albian to Campanian times (top of Diamante Formation).  
- Taking into account the analysis of the U-Pb data in detrital zircons, the sample from 
the base of the Diamante Formation in the Vega de los Patos locality, yields a maximum 
depositional age of 107.2±1.4 Ma (1σ;n=4) (Albian), while the sample from the top of 
this unit in the Vega Grande locality, yields a maximum depositional age of 91.1±2.2 
Ma (1σ;n=3) (Turonian).  
- Based on the youngest detrital zircon ages obtained  this study and previous data 
from different sectors of the Neuquén Basin, the sedim ntation of the Diamante 
Formation within the foreland basin started during the Albian. During this stage, the 
transition from an extensional back-arc setting towards a compressional retroarc 













indicating that the uplift of the Andes started earli r in the northern sector of the 
Neuquén Basin.  
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Figure 1. Map showing the location of the Neuquén Basin and the study area (modified 
from Tunik et al., 2010; Balgord and Carrapa, 2016) and the position of the Late 
Cretaceous thrust front (Mescua et al., 2013; Fennell et al., 2017a, b).  
 
Figure 2. Local geological map showing the main units and the position of stratigraphic 
sections, Vega Grande and Vega de los Patos (modified o  Lothari et al., 2018).  
 
Figure 3. Measured stratigraphic section from Vega Grande area.  
 
Figure 4. Measured stratigraphic section from Vega de los Patos rea.  
 
Figure 5. Photographs of outcrops; a) the transitional contact between Diamante and 
Saldeño formations in Vega Grande oil field., b) the transitional contact between 
Huitrín and Rayoso formations (Bajada del Agrio Group)., c) laminated-mudstones with 
interbedded gypsum (yellow arrows) from the Rayoso Formation., d) massive sandstone 
from de base of the Diamante Formation.  
 
Figure 6. Photographs of outcrops; a) Vega de los Patos anticline showing the position 
and contact between units., b) Diamante Formation on Vega Grande area, c) reworked 
tuff deposit from the top of Vega Grande section (VG24-16 sample), d) conglomerate 
from Vega de los Patos section, composed almost exclusively of carbonate fragments 
(CC). 
 
Figure 7. a) VG1 sample. Photomicrographs of framework composition: 
monocrystalline quartz (Qm), alkaline feldspar (Fk), plagioclase (Fpl), granular (Lpg) 
and seriate (Lps) paleovolcanic lithic fragments. Analcime as a type of zeolitic cement 
(Cc). Photomicrographs on NP and NX. Scale: 100 microns. b) VG4 sample. 
Photomicrographs of framework composition: monocrystalline quartz (Qm), alkaline 
feldspar (Fk), plagioclase (Fpl) and pyroclastic paleovolcanic lithic fragment (Lp), with 
altered vitreous shard. Photomicrographs on NX. Scale: 100 microns c) VG16-16 
sample. Photomicrographs of framework composition: high percentage of limestone 
lithic fragments (Lc). Scale: 60 microns. d) VLP02 sample. Photomicrographs of 
framework composition it composed of monocrystalline quartz (Qm), alkaline feldspar 













Photomicrographs on NX. Scale: 100 microns. e) VLP06 sample. Photomicrographs of 
framework composition it composed of monocrystalline quartz (Qm), alkaline feldspar 
(Fk), granular (Lpg) and serial (Lps) paleovolcanic lithic fragments, other lithic (Lo) 
and porosity (P). Photomicrographs on NX. Scale: 100 microns. f) VLP09 sample. 
Photomicrographs of framework composition it composed of monocrystalline quartz 
(Qm), alkaline feldspar (Fk), granular (Lpg) and serial (Lps) paleovolcanic lithic 
fragments, calcite cement (Cca) and metamorphic lithic (Lm). Photomicrographs on NP. 
Scale: 100 microns. NP: parallel nicols, NX: crossed nicols. 
 
Figure 8. a) Sandstone classification QFL plot according to Folk et al. (1970) of the 
analyzed samples; b) QFL and QmFLt plots of sandstoe  from Diamante Formation to 
discriminate provenance areas. On the left, QFL diagram from Dickinson et al. (1983). 
On the right, QmFLt from Dickinson et al. (1983). Q: total quartz, F: total feldspar, L: 
total lithic fragments, Qm: monocrystalline quartz, Lt: total lithic fragments plus 
polycrystalline quartz. 
 
Figure 9. a) Frequency histograms, relative probability plots, and concordia plots of U–
Pb ages from analysed zircons (Vega Grande sample-VG24-16; Vega de los Patos 
sample-VLP001-17) showing the important source areas (highlighted in different 
colours). The number of grains in each sample is denoted with n = x below sample 
name. 
 
Figure 10. The weighted mean ages calculated with the youngest zircon grains (1r 
errors overlap) from the samples: a) VG24-16 (Vega Gr nde); b) VLP001-17 (Vega de 
los Patos). This age overlaps the TuffZirc age (with uncertainties) for the youngest 




Table 1. Populations of ages of both samples: A: Jurassic and Cretaceous; B: Permian-
Triassic; C: Ordovician-Devonian; D: Neoproterozoic-Cambrian; E: Meso-














1) Clast counting  
 SAMPLES-VEGA DE LOS PATOS (% in weight)  SAMPLES-VEGA GRANDE (% in weight)  
VLP01 VLP02 VLP03 VLP04 VLP05 VLP06 VLP07a VLP09 VG1 VG2 VG3 VG4 VG5 VG8 VG9 VG13 VG16 VG17 
QUARTZ 
(Q) 
Qf 13.5 13.25 14.75 8.75 16.5 12.25 17.25 14.5 24 9.25 27.5 30.75 26.5 23 31 29.5 11 27.75 
Qo 3.75 5.25 4.25 3.75 4.5 5.5 5 5.25 6.5 0.25 1.5 3.75 5 9 1 0.75 3 5.5 
Qv 3.5 3 2.5 10.5 5 8.75 4.75 6.25 2.75 3.75 1.75 5.25 1 1.5 2.5 3.25 0 1 
Qp 2.5 2.5 5.25 7 3.25 6.5 3.5 10.25 4.25 9 7 5.5 5 3.25 4 4 1.25 8.5 
FELDSPAR 
(F= K+P) 
Fk 5.75 9 6.75 5.75 9 9.5 9.25 8.5 8.75 2 2.25 6 7 3.75 5.5 5.5 4.75 8.75 
Fpl 9 8.25 5.5 1.25 3 2.75 3.5 3 10.5 2 3.75 3 6.5 8 4.5 5 3.5 2.5 
Fkp 0 0 0 0.75 0 0.75 0 0.25 0 2.25 0.75 0.25 0 0 0.25 0 1 1.5 
FPp 0 1.5 1 3.5 0.75 0.5 1.25 3.25 0 1.5 0.5 0.75 0 1 0 0.25 1.75 0.5 
Fc 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.25 0 
LITHICS 
(L) 
Lpg 10.75 13 7.5 10.75 13.25 16 15.75 18.75 13.5 9.75 13 15.75 10.75 7.25 13.75 10.25 4.25 7.5 
Lps 5 5 3.75 9 6.25 5.75 6 3.75 3.75 3.75 0.25 0.75 4.25 13.5 8 4.75 0.5 2.25 
Lpp 3.25 3.5 6.75 3.75 4.75 1.5 3.75 1.5 9.25 8.5 0 0.25 8.75 10 0 2.5 0 0.25 
Lpl 4.5 3.75 1.25 0.75 0.25 0 0 0.5 0 0 0.5 0 0 0 0 0 0.25 0 
Lc 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 34.25 0 
Ls 2.25 2.5 0.75 2.25 1.75 0 0.25 2.75 0.75 3 2.75 3 0.75 0 0.75 1.75 4.75 3.25 
Lp 1 0.75 0.5 3.5 1.5 2.25 1 1.25 0 0 0 0 0 0.5 0.25 0 0 0 
Lm 1.5 0.5 1.5 2.25 4 1 3 0.25 0.75 1 3.25 1.5 1.75 2 1 0.5 0 0 
La 3.5 2.75 5.25 5.25 2.25 1.75 2 2 8 11 8 7 9 4.75 4 3.25 5.25 8.75 
CEMENTS 
Cc 6.5 7.75 8 2 2.5 3.75 2.25 1.75 6.25 0.5 0 0 2 1.75 8 3.25 0.5 0 
Ca 2 0.25 0 1 2.75 2 2 1.5 0 1.25 4 1.75 2.25 0.75 0.5 0.25 0.25 0.75 
Cf 8.75 6.75 12 1.5 1.25 6.25 6 2 0 3.25 2.75 1.5 0 0 4.75 2.5 3.75 1.25 
Ccar 0 0.75 0.25 11.75 9.25 6 0 5 0.5 24.75 3.75 2.5 5.75 4.5 2.25 10.75 15.25 2.25 
Co 1 0 0 0 1 0 2.5 0 0 0.5 0 1.75 0   1 0.5 0 0 
OTHER 
M 0.25 0 0 0 0 0.25 2.5 0 0.25 0 1 0.25 0.25 0 0 0.25 0 0.25 
Op 4.25 6.75 6 0.75 1.25 2.25 2.5 0.75 0 1 0.25 1.75 1.25 0.75 0.75 0.75 0.25 2.5 
Om 0 0 0 0 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0 
O 7.5 3.25 6.5 4.25 6 4.75 6 7 0.25 1.75 15.5 7 1.75 4.75 6.25 10.5 2.25 15 













Abbreviations used in point-count data table and equations for values (Clast 
counting)  
 
Qf: non-undulatory monocrystalline quartz 
 Qo: undulatory monocrystalline quartz;  
Qv: quartz on volcanic rock grain;  
Qp: polycrystalline quartz;  
Fk: alkaline feldspar;  
Fpl: plagioclase feldspar;  
Fkp: alkaline feldspar on paleovolcanic lithic grain;  
Fc: feldspar replaced by calcite;  
FPp: plagioclase on paleovolcanic lithic grain;  
Lpg: granular texture on paleovolcanic lithic grain;  
Lps: serial texture on paleovolcanic lithic grain;  
Lpp: pyroclastic lithic grain;  
Lpl: lathwork texture on paleovolcanic texture; 
Lpm: microlitic texture on paleovolcanic lithic grain;  
Lc: carbonate lithic grain;  
Ls: another sedimentary lithic grain (generally siltstone);  
Lp: plutonic lithic grain;  
Lm: metamorphic lithic grain;  
La: altered and undetermined lithic grain;  
Cc: zeolitic cement; 
Ca: argillaceous cement;  
Cf: iron cement;  
Ccar: calcareous cement;  
Co: other cements; M-micas;  
Op: opaques;  
Om: other minerals;  

















2) U/Pb detrital zircon geochronology 
 
The analyses involve ablation of zircon with a Photon Machines Analyte G2 
excimer laser using a spot diameter of 30 microns. All measurements are made in static 
mode, using Faraday detectors with 3x1011 ohm resistor  for 238U, 232Th, 208Pb-
206Pb, and discrete dynode ion counters for 204Pb and 202Hg. For each analysis, the 
errors in determining 206Pb/238U and 206Pb/204Pb result in a measurement error of 
~1-2% (at 2- sigma level) in the 206Pb/238U age. The errors in measurement of 
206Pb/207Pb and 206Pb/204Pb also result in ~1-2% (at 2-sigma level) uncertainty in 
age for grains that are >1.0 Ga, but are substantially larger for younger grains due to 
low intensity of the 207Pb signal. For most analyses, the cross-over in precision of 
206Pb/238U and 206Pb/207Pb ages occurs at ~1.0 Ga. 
Inter-element fractionation of Pb/U is generally ~5%, whereas apparent 
fractionation of Pb isotopes is generally <0.2%. In-ru  analysis of fragments of a large 
zircon crystal (generally every fifth measurement) with known age of 563.5 ± 3.2 Ma 
(2- sigma error) is used to correct for this fractionation. The uncertainty resulting from 
the calibration correction is generally 1-2% (2-sigma) for both 206Pb/207Pb and 
206Pb/238U ages. Uncertainties shown in these tables ar  at the 1-sigma level, and 
include only measurement errors. Analyses that are >20% discordant (by comparison of 

















Table 1 A. U-Pb geochronologic analyses from sample  VG24-16 (n=187) 
  Isotope ratios Apparent ages (Ma)   
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± Conc 
  (ppm)  204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
VG24-16 233 100454 1.5 20.4693 2.4 0.0856 3.1 0.0127 1.9 0.61 81.5 1.5 83.4 2.5 140.8 57.0 81.5 1.5 NA 
VG24-16 286 1672 0.9 25.1637 3.9 0.0724 4.3 0.0132 1.8 0.43 84.6 1.5 70.9 2.9 NA NA 84.6 1.5 NA 
VG24-16 169 10059 2.3 21.7650 2.3 0.0850 2.9 0.0134 1.9 0.63 86.0 1.6 82.9 2.3 NA NA 86.0 1.6 NA 
VG24-16 365 3561 2.1 23.7023 5.0 0.0798 5.5 0.0137 2.3 0.42 87.9 2.0 78.0 4.1 NA NA 87.9 2.0 NA 
VG24-16 633 17096 1.0 21.5046 1.5 0.0907 2.3 0.0142 1.8 0.78 90.6 1.6 88.2 2.0 23.7 35.3 90.6 1.6 NA 
VG24-16 146 1877 2.6 24.2294 3.4 0.0812 3.9 0.0143 1.9 0.49 91.3 1.7 79.2 3.0 NA NA 91.3 1.7 NA 
VG24-16 27 1362 1.9 7.5899 18.0 0.2609 18.2 0.0144 3.1 0.17 92.0 2.8 235.4 38.3 2121.5 317.6 92.0 2.8 NA 
VG24-16 221 54275 1.1 17.7269 2.3 0.1369 2.8 0.0176 1.6 0.57 112.5 1.8 130.2 3.4 468.6 50.2 112.5 1.8 NA 
VG24-16 191 23428 0.3 19.0376 1.6 0.2748 2.5 0.0380 1.9 0.76 240.2 4.5 246.5 5.5 308.5 37.1 240.2 4.5 NA 
VG24-16 20 3486 1.7 19.8405 4.2 0.2681 5.1 0.0386 2.9 0.57 244.1 6.9 241.2 10.9 213.6 96.6 244.1 6.9 NA 
VG24-16 74 5569 2.6 20.3395 2.2 0.2630 3.1 0.0388 2.2 0.70 245.5 5.3 237.1 6.6 155.7 52.2 245.5 5.3 NA 
VG24-16 21 21485 2.5 20.3269 3.8 0.2677 4.5 0.0395 2.3 0.52 249.6 5.7 240.8 9.6 157.2 90.0 249.6 5.7 NA 
VG24-16 32 2020 1.7 22.5361 6.6 0.2437 7.0 0.0399 2.3 0.32 251.9 5.6 221.5 13.8 NA NA 251.9 5.6 NA 
VG24-16 29 2018 1.4 21.7097 4.1 0.2553 4.6 0.0402 2.1 0.45 254.2 5.2 230.9 9.5 NA NA 254.2 5.2 NA 
VG24-16 336 26692 1.6 19.5335 1.5 0.2842 2.3 0.0403 1.8 0.76 254.6 4.5 254.0 5.3 249.6 34.8 254.6 4.5 NA 
VG24-16 49 6698 0.8 19.3304 2.7 0.2879 3.4 0.0404 2.1 0.61 255.2 5.2 256.9 7.7 273.6 62.1 255.2 5.2 NA 
VG24-16 73 5786 1.6 19.5637 3.0 0.2853 3.8 0.0405 2.3 0.62 255.9 5.8 254.9 8.5 246.0 68.7 255.9 5.8 NA 
VG24-16 413 113869 1.5 19.5204 1.1 0.2869 2.3 0.0406 2.0 0.88 256.8 5.1 256.1 5.2 251.1 25.0 256.8 5.1 NA 
VG24-16 184 24212 1.2 19.5695 1.9 0.2870 2.6 0.0407 1.7 0.68 257.5 4.4 256.2 5.8 245.3 43.2 257.5 4.4 NA 
VG24-16 96 15354 1.0 19.7365 2.0 0.2847 2.6 0.0408 1.6 0.64 257.6 4.2 254.4 5.8 225.8 46.3 257.6 4.2 NA 
VG24-16 389 163487 0.9 17.9622 2.5 0.3128 3.3 0.0408 2.2 0.66 257.6 5.5 276.4 8.0 439.3 55.3 257.6 5.5 NA 
VG24-16 127 18735 1.9 19.4601 1.7 0.2896 2.6 0.0409 2.0 0.76 258.3 5.0 258.2 6.0 258.2 39.2 258.3 5.0 NA 
VG24-16 42 11891 1.4 20.6367 3.2 0.2731 3.9 0.0409 2.2 0.57 258.4 5.6 245.2 8.4 121.6 74.6 258.4 5.6 NA 
VG24-16 28 3261 1.9 19.7244 3.8 0.2859 4.4 0.0409 2.3 0.52 258.5 5.8 255.3 9.9 227.2 87.2 258.5 5.8 NA 













Table 1 A. U-Pb geochronologic analyses from sample  VG24-16 (cont) (n=187)  
 Isotope ratios Apparent ages (Ma)    
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± Conc 
  (ppm)  204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
VG24-16 69 13212 1.2 18.6296 2.2 0.3029 2.9 0.0409 1.9 0.65 258.7 4.8 268.7 6.8 357.5 49.8 258.7 4.8 NA 
VG24-16 708 18981 1.7 19.5900 1.3 0.2882 2.3 0.0410 2.0 0.84 258.8 5.0 257.2 5.3 242.9 29.4 258.8 5.0 NA 
VG24-16 150 10537 1.1 19.5902 1.7 0.2885 2.5 0.0410 1.8 0.73 259.1 4.6 257.4 5.6 242.9 38.6 259.1 4.6 NA 
VG24-16 231 18599 2.2 19.6796 1.9 0.2874 2.9 0.0410 2.2 0.75 259.3 5.6 256.5 6.6 232.4 44.4 259.3 5.6 NA 
VG24-16 54 4074 2.4 20.9040 3.4 0.2707 4.0 0.0411 2.1 0.52 259.4 5.3 243.2 8.7 91.2 81.7 259.4 5.3 NA 
VG24-16 45 6756 1.2 20.8848 2.0 0.2711 3.1 0.0411 2.4 0.77 259.6 6.0 243.6 6.7 93.4 46.2 259.6 6.0 NA 
VG24-16 105 14354 2.6 19.4654 1.9 0.2909 2.8 0.0411 2.1 0.74 259.6 5.4 259.3 6.5 257.6 43.8 259.6 5.4 NA 
VG24-16 171 11765 1.9 19.8539 1.6 0.2855 2.3 0.0411 1.7 0.74 259.8 4.3 255.0 5.2 212.0 36.1 259.8 4.3 NA 
VG24-16 177 21967 1.4 19.2773 1.9 0.2940 2.7 0.0411 1.9 0.70 259.8 4.8 261.7 6.2 279.9 44.3 259.8 4.8 NA 
VG24-16 192 28459 1.4 19.2871 1.3 0.2942 1.9 0.0412 1.5 0.76 260.1 3.8 261.8 4.5 278.7 28.9 260.1 3.8 NA 
VG24-16 85 4588 1.1 20.4621 2.2 0.2776 2.8 0.0412 1.7 0.62 260.3 4.4 248.7 6.2 141.7 51.6 260.3 4.4 NA 
VG24-16 106 15415 1.1 19.4556 1.7 0.2921 2.3 0.0412 1.6 0.68 260.5 4.0 260.2 5.3 258.8 39.3 260.5 4.0 NA 
VG24-16 120 28114 2.0 20.6143 2.0 0.2757 3.0 0.0412 2.2 0.75 260.5 5.6 247.3 6.5 124.2 46.3 260.5 5.6 NA 
VG24-16 61 7188 1.3 20.7634 3.4 0.2738 3.9 0.0412 1.9 0.48 260.6 4.8 245.7 8.4 107.2 80.1 260.6 4.8 NA 
VG24-16 45 19150 1.6 19.4967 2.6 0.2917 3.0 0.0413 1.5 0.50 260.7 3.8 259.9 6.8 253.9 59.4 260.7 3.8 NA 
VG24-16 47 9461 1.7 19.9417 2.7 0.2854 3.4 0.0413 2.1 0.62 260.9 5.4 254.9 7.7 201.8 61.8 260.9 5.4 NA 
VG24-16 106 9573 1.6 17.0417 2.4 0.3344 3.2 0.0413 2.1 0.65 261.2 5.3 292.9 8.1 555.2 52.9 261.2 5.3 NA 
VG24-16 123 5243 1.2 20.5949 1.9 0.2779 2.9 0.0415 2.2 0.75 262.3 5.7 249.0 6.5 126.5 45.5 262.3 5.7 NA 
VG24-16 113 5067 1.6 20.6041 2.2 0.2779 3.1 0.0415 2.1 0.69 262.4 5.5 249.0 6.8 125.4 52.7 262.4 5.5 NA 
VG24-16 639 100495 2.7 18.8854 1.4 0.3033 2.1 0.0416 1.5 0.74 262.5 3.9 269.0 4.9 326.7 31.9 262.5 3.9 NA 
VG24-16 146 8481 1.0 20.1138 1.9 0.2848 2.5 0.0416 1.7 0.67 262.6 4.3 254.5 5.6 181.8 43.2 262.6 4.3 NA 
VG24-16 27 8735 1.7 20.6042 3.3 0.2782 3.6 0.0416 1.6 0.43 262.7 4.0 249.2 8.0 125.4 77.2 262.7 4.0 NA 














Table 1 A. U-Pb geochronologic analyses from sample  VG24-16 (cont) (n=187)  
 Isotope ratios Apparent ages (Ma)    
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± Conc 
  (ppm)  204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
VG24-16 515 43539 1.5 19.8098 1.2 0.2894 2.3 0.0416 1.9 0.85 262.7 5.0 258.1 5.2 217.2 27.8 262.7 5.0 NA 
VG24-16 383 24499 1.1 19.5924 1.7 0.2929 2.7 0.0416 2.1 0.79 263.0 5.5 260.8 6.3 242.6 38.6 263.0 5.5 NA 
VG24-16 228 18508 1.5 19.7464 1.4 0.2908 2.5 0.0417 2.1 0.84 263.1 5.4 259.2 5.7 224.6 31.5 263.1 5.4 NA 
VG24-16 70 5854 1.8 19.9589 3.1 0.2878 3.8 0.0417 2.3 0.61 263.2 6.0 256.8 8.7 199.8 71.0 263.2 6.0 NA 
VG24-16 169 13349 1.2 19.8472 1.6 0.2897 2.5 0.0417 1.9 0.77 263.5 4.9 258.3 5.7 212.8 36.8 263.5 4.9 NA 
VG24-16 123 6676 1.2 19.6843 1.6 0.2923 2.4 0.0417 1.8 0.76 263.6 4.8 260.3 5.6 231.8 37.0 263.6 4.8 NA 
VG24-16 86 7081 1.9 20.2106 1.9 0.2848 2.6 0.0418 1.8 0.67 263.7 4.6 254.4 5.9 170.6 45.2 263.7 4.6 NA 
VG24-16 399 141404 1.3 19.1554 1.3 0.3010 2.3 0.0418 1.9 0.82 264.2 4.9 267.2 5.3 294.4 29.4 264.2 4.9 NA 
VG24-16 530 256022 1.8 17.9581 1.4 0.3218 2.4 0.0419 2.0 0.82 264.8 5.1 283.3 6.0 439.8 31.1 264.8 5.1 NA 
VG24-16 178 48490 2.4 19.7481 1.5 0.2929 2.4 0.0420 1.8 0.77 265.1 4.8 260.9 5.5 224.3 35.6 265.1 4.8 NA 
VG24-16 308 41869 1.7 19.5742 1.1 0.2956 2.0 0.0420 1.7 0.84 265.2 4.3 263.0 4.6 244.8 24.7 265.2 4.3 NA 
VG24-16 638 38352 2.1 19.5664 1.1 0.2961 2.0 0.0420 1.6 0.81 265.4 4.2 263.3 4.6 245.7 26.3 265.4 4.2 NA 
VG24-16 263 29515 2.3 19.9275 1.5 0.2909 2.4 0.0421 1.8 0.78 265.6 4.8 259.3 5.4 203.4 34.7 265.6 4.8 NA 
VG24-16 22 905 1.1 25.7808 8.6 0.2249 8.9 0.0421 2.1 0.24 265.6 5.5 205.9 16.6 NA NA 265.6 5.5 NA 
VG24-16 152 13691 6.0 19.9303 1.6 0.2909 2.2 0.0421 1.6 0.71 265.6 4.2 259.3 5.1 203.1 36.3 265.6 4.2 NA 
VG24-16 260 7536 1.2 20.3585 1.6 0.2848 2.9 0.0421 2.4 0.84 265.7 6.3 254.5 6.5 153.5 36.8 265.7 6.3 NA 
VG24-16 429 185676 2.5 17.0380 2.0 0.3405 2.7 0.0421 1.8 0.67 265.8 4.6 297.6 6.9 555.7 43.3 265.8 4.6 NA 
VG24-16 29 2130 1.9 21.4402 3.8 0.2709 4.4 0.0421 2.1 0.48 266.1 5.5 243.4 9.5 30.9 92.3 266.1 5.5 NA 
VG24-16 260 17684 2.6 19.6767 1.5 0.2954 2.1 0.0422 1.5 0.71 266.3 4.0 262.8 5.0 232.7 34.8 266.3 4.0 NA 
VG24-16 237 13273 2.2 20.4617 1.6 0.2845 2.2 0.0422 1.5 0.68 266.7 3.9 254.2 4.9 141.7 37.8 266.7 3.9 NA 
VG24-16 419 31685 2.1 19.7083 1.5 0.2957 2.4 0.0423 1.9 0.79 267.0 5.0 263.1 5.5 229.0 33.5 267.0 5.0 NA 
VG24-16 327 24815 1.9 19.7761 1.4 0.2948 2.6 0.0423 2.2 0.85 267.1 5.7 262.3 5.9 221.1 31.5 267.1 5.7 NA 














Table 1 A. U-Pb geochronologic analyses from sample  VG24-16 (cont) (n=187)  
 Isotope ratios Apparent ages (Ma)    
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± Conc 
  (ppm)  204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
VG24-16 149 13851 1.4 19.4574 1.3 0.3002 2.0 0.0424 1.5 0.75 267.6 3.9 266.5 4.7 258.5 30.0 267.6 3.9 NA 
VG24-16 128 8167 1.1 19.9902 2.4 0.2929 3.0 0.0425 1.8 0.59 268.2 4.7 260.9 6.9 196.2 55.7 268.2 4.7 NA 
VG24-16 839 359464 1.6 19.4409 1.1 0.3016 2.0 0.0425 1.6 0.82 268.6 4.3 267.7 4.7 260.5 26.1 268.6 4.3 NA 
VG24-16 506 79798 1.8 19.2571 1.4 0.3053 2.4 0.0427 2.0 0.80 269.3 5.2 270.5 5.8 282.3 33.1 269.3 5.2 NA 
VG24-16 353 19859 2.4 19.9441 1.2 0.2950 2.0 0.0427 1.7 0.82 269.5 4.4 262.5 4.7 201.5 27.1 269.5 4.4 NA 
VG24-16 103 11633 1.6 20.2704 2.5 0.2903 3.3 0.0427 2.2 0.67 269.6 5.9 258.8 7.6 163.7 57.4 269.6 5.9 NA 
VG24-16 468 43829 1.9 19.3417 1.2 0.3043 2.2 0.0427 1.8 0.84 269.6 4.8 269.8 5.2 272.2 27.4 269.6 4.8 NA 
VG24-16 65 4331 1.1 20.9326 4.1 0.2816 4.6 0.0428 2.2 0.47 270.0 5.8 251.9 10.4 88.0 97.1 270.0 5.8 NA 
VG24-16 224 14164 3.9 19.7446 1.4 0.2994 2.3 0.0429 1.9 0.81 270.7 5.0 265.9 5.4 224.8 31.2 270.7 5.0 NA 
VG24-16 298 16875 2.2 19.6509 1.6 0.3013 2.5 0.0430 1.9 0.77 271.1 5.2 267.4 6.0 235.8 37.8 271.1 5.2 NA 
VG24-16 27 5162 1.9 19.5978 4.0 0.3027 4.4 0.0430 1.8 0.42 271.7 4.9 268.5 10.3 242.0 91.5 271.7 4.9 NA 
VG24-16 616 77705 1.7 19.4475 1.0 0.3052 1.8 0.0431 1.5 0.84 271.8 4.0 270.4 4.2 259.7 22.2 271.8 4.0 NA 
VG24-16 232 56044 2.0 19.4640 1.6 0.3055 2.6 0.0431 2.0 0.79 272.3 5.4 270.7 6.1 257.8 36.5 272.3 5.4 NA 
VG24-16 675 49426 1.8 19.0614 1.1 0.3120 1.9 0.0432 1.5 0.81 272.3 4.1 275.7 4.6 305.6 25.9 272.3 4.1 NA 
VG24-16 503 23760 2.3 19.9067 1.2 0.2993 2.3 0.0432 1.9 0.86 272.9 5.2 265.9 5.3 205.9 27.3 272.9 5.2 NA 
VG24-16 278 13595 1.7 19.6809 1.4 0.3031 2.0 0.0433 1.5 0.71 273.1 3.9 268.8 4.8 232.2 33.0 273.1 3.9 NA 
VG24-16 210 154973 2.1 19.3845 1.9 0.3080 2.5 0.0433 1.7 0.66 273.4 4.4 272.6 6.0 267.2 43.6 273.4 4.4 NA 
VG24-16 137 6813 2.0 14.1607 2.9 0.4217 3.5 0.0433 2.1 0.58 273.5 5.5 357.3 10.6 946.4 58.8 273.5 5.5 NA 
VG24-16 98 23801 8.7 19.5414 1.7 0.3057 2.5 0.0433 1.8 0.74 273.5 4.9 270.8 5.9 248.6 38.6 273.5 4.9 NA 
VG24-16 473 77914 3.5 19.2461 1.5 0.3111 2.2 0.0434 1.7 0.75 274.1 4.5 275.0 5.4 283.6 33.8 274.1 4.5 NA 
VG24-16 480 157634 2.5 18.9182 1.1 0.3169 2.0 0.0435 1.7 0.83 274.5 4.5 279.5 4.9 322.8 25.5 274.5 4.5 NA 
VG24-16 81 3107 1.1 10.2860 4.9 0.5843 5.5 0.0436 2.4 0.43 275.2 6.3 467.2 20.5 1571.4 92.4 275.2 6.3 NA 














Table 1 A. U-Pb geochronologic analyses from sample  VG24-16 (cont) (n=187)  
 Isotope ratios Apparent ages (Ma)    
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± Conc 
  (ppm)  204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
VG24-16 180 106254 0.9 19.4540 1.4 0.3091 2.0 0.0436 1.5 0.75 275.3 4.1 273.5 4.9 259.0 31.1 275.3 4.1 NA 
VG24-16 34 2019 2.2 22.8393 4.0 0.2647 4.6 0.0439 2.2 0.48 276.7 6.0 238.4 9.7 NA NA 276.7 6.0 NA 
VG24-16 269 32604 1.1 19.2690 1.5 0.3139 2.4 0.0439 1.9 0.79 276.9 5.1 277.2 5.8 280.9 33.4 276.9 5.1 NA 
VG24-16 425 58498 2.4 19.5552 1.3 0.3108 2.6 0.0441 2.3 0.87 278.2 6.3 274.8 6.3 247.0 29.6 278.2 6.3 NA 
VG24-16 203 27728 2.0 18.9158 1.6 0.3244 2.6 0.0445 2.0 0.78 280.8 5.6 285.3 6.5 323.1 37.3 280.8 5.6 NA 
VG24-16 343 164156 1.2 19.9201 1.3 0.3097 2.4 0.0448 2.0 0.84 282.3 5.6 273.9 5.7 204.3 29.8 282.3 5.6 NA 
VG24-16 961 112473 1.0 18.3716 1.3 0.3429 2.3 0.0457 1.9 0.82 288.1 5.3 299.4 5.9 388.9 28.7 288.1 5.3 NA 
VG24-16 200 21989 2.4 19.9375 1.3 0.3161 2.0 0.0457 1.6 0.78 288.2 4.5 278.9 5.0 202.2 29.9 288.2 4.5 NA 
VG24-16 258 17272 2.8 19.1275 1.5 0.3450 2.1 0.0479 1.5 0.70 301.5 4.3 301.0 5.5 297.7 34.5 301.5 4.3 NA 
VG24-16 440 75419 2.6 16.8001 2.0 0.4111 2.9 0.0501 2.1 0.72 315.2 6.5 349.7 8.6 586.3 43.7 315.2 6.5 NA 
VG24-16 516 60171 1.6 18.2211 1.2 0.4622 2.2 0.0611 1.8 0.83 382.3 6.8 385.8 7.0 407.4 27.3 382.3 6.8 NA 
VG24-16 1070 209089 1.4 18.0061 1.2 0.4713 1.9 0.0616 1.5 0.77 385.2 5.6 392.1 6.3 433.9 27.7 385.2 5.6 NA 
VG24-16 292 7214 1.0 19.3267 1.0 0.4418 2.0 0.0620 1.8 0.88 387.5 6.8 371.5 6.3 274.0 21.8 387.5 6.8 NA 
VG24-16 315 75206 1.5 17.7658 1.1 0.5034 2.3 0.0649 2.0 0.88 405.3 7.8 414.0 7.7 463.8 24.3 405.3 7.8 87.4 
VG24-16 411 25687 77.6 17.8287 1.2 0.5662 2.2 0.0732 1.8 0.82 455.7 8.0 455.6 8.1 455.9 27.7 455.7 8.0 100.0 
VG24-16 206 36081 0.6 17.7542 1.2 0.5723 2.3 0.0737 1.9 0.84 458.5 8.5 459.5 8.4 465.2 27.4 458.5 8.5 98.6 
VG24-16 170 32819 1.6 17.6424 1.9 0.6022 2.6 0.0771 1.7 0.68 478.7 8.0 478.6 9.8 479.1 41.8 478.7 8.0 99.9 
VG24-16 145 30940 1.9 17.3599 1.4 0.6697 2.4 0.0844 2.0 0.81 522.1 9.8 520.5 9.8 514.7 30.9 522.1 9.8 101.4 
VG24-16 163 34897 3.0 17.2896 1.2 0.6727 2.2 0.0844 1.8 0.82 522.3 8.9 522.4 8.8 523.6 26.8 522.3 8.9 99.7 
VG24-16 473 119354 9.0 17.2635 1.1 0.6765 2.1 0.0847 1.8 0.86 524.4 9.1 524.7 8.6 527.0 23.8 524.4 9.1 99.5 
VG24-16 284 41230 1.6 16.9431 1.0 0.6968 1.8 0.0857 1.5 0.82 529.8 7.5 536.8 7.5 567.9 22.3 529.8 7.5 93.3 
VG24-16 156 96230 3.4 16.4848 1.3 0.7267 2.7 0.0869 2.4 0.88 537.3 12.4 554.6 11.7 627.3 28.3 537.3 12.4 85.7 














Table 1 A. U-Pb geochronologic analyses from sample  VG24-16 (cont) (n=187)  
 Isotope ratios Apparent ages (Ma)    
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± Conc 
  (ppm)  204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
VG24-16 188 22847 1.1 17.0189 1.3 0.7222 2.1 0.0892 1.6 0.79 550.7 8.6 552.0 8.9 558.2 28.1 550.7 8.6 98.7 
VG24-16 227 638939 1.1 16.8635 1.6 0.7504 2.5 0.0918 1.9 0.76 566.3 10.3 568.5 10.8 578.1 35.1 566.3 10.3 98.0 
VG24-16 247 12656 4.9 16.7145 1.7 0.7756 2.7 0.0941 2.1 0.79 579.5 11.7 582.9 11.9 597.4 35.8 579.5 11.7 97.0 
VG24-16 241 87257 4.9 15.7635 1.6 0.8296 2.7 0.0949 2.2 0.81 584.4 12.3 613.4 12.6 722.9 34.2 584.4 12.3 80.8 
VG24-16 571 119924 145.9 16.7249 0.9 0.8050 1.9 0.0977 1.7 0.87 600.9 9.5 599.6 8.6 596.0 20.2 600.9 9.5 100.8 
VG24-16 587 98417 3.8 16.1404 1.1 0.8393 3.0 0.0983 2.8 0.93 604.4 16.0 618.7 13.8 672.6 22.7 604.4 16.0 89.9 
VG24-16 387 121497 4.4 16.7502 1.0 0.8177 2.1 0.0994 1.8 0.88 610.7 10.6 606.7 9.4 592.7 21.2 610.7 10.6 103.0 
VG24-16 282 26145 2.9 16.2620 1.2 0.8455 2.1 0.0998 1.8 0.83 613.0 10.3 622.2 9.8 656.5 25.1 613.0 10.3 93.4 
VG24-16 395 188640 4.8 16.7485 1.2 0.8318 2.5 0.1011 2.2 0.87 620.8 12.8 614.6 11.4 593.0 26.1 620.8 12.8 104.7 
VG24-16 363 65809 3.1 16.4624 1.3 0.8611 2.3 0.1029 1.9 0.82 631.1 11.2 630.7 10.7 630.2 28.0 631.1 11.2 100.1 
VG24-16 128 16034 0.7 16.3064 1.1 0.8715 2.3 0.1031 2.0 0.87 632.6 12.0 636.4 10.9 650.7 24.7 632.6 12.0 97.2 
VG24-16 452 66797 2.4 16.6064 1.2 0.8683 2.1 0.1046 1.8 0.84 641.5 11.0 634.6 10.1 611.4 24.9 641.5 11.0 104.9 
VG24-16 115 94180 1.3 16.3313 1.6 0.8929 2.4 0.1058 1.7 0.73 648.4 10.6 647.9 11.4 647.4 35.0 648.4 10.6 100.1 
VG24-16 358 122453 15.1 16.3591 0.8 0.9059 1.9 0.1075 1.7 0.90 658.4 10.9 654.9 9.3 643.8 17.7 658.4 10.9 102.3 
VG24-16 173 106034 3.3 15.5078 1.1 1.1551 1.9 0.1300 1.5 0.81 787.7 11.1 779.6 10.1 757.5 23.1 787.7 11.1 104.0 
VG24-16 307 106944 1.6 15.2028 1.1 1.1859 2.0 0.1308 1.7 0.84 792.5 12.6 794.1 11.2 799.3 23.3 792.5 12.6 99.2 
VG24-16 374 123865 1.4 14.8196 0.9 1.2813 2.2 0.1378 2.0 0.91 832.1 15.5 837.4 12.4 852.6 18.9 832.1 15.5 97.6 
VG24-16 87 159675 1.2 15.1346 1.2 1.2707 2.1 0.1395 1.7 0.82 842.1 13.5 832.7 11.9 808.7 25.3 842.1 13.5 104.1 
VG24-16 100 35293 1.2 14.6848 1.1 1.3290 2.2 0.1416 1.9 0.86 853.7 14.9 858.4 12.6 871.5 23.2 853.7 14.9 98.0 
VG24-16 83 52824 1.3 14.6745 1.2 1.4107 1.9 0.1502 1.5 0.79 902.1 12.6 893.4 11.3 873.0 24.1 902.1 12.6 103.3 
VG24-16 86 62378 2.5 13.9705 1.1 1.5310 2.5 0.1552 2.2 0.90 930.0 19.4 942.9 15.3 974.0 21.8 974.0 21.8 95.5 
VG24-16 174 30652 8.0 13.8281 1.2 1.6766 2.2 0.1682 1.9 0.83 1002.3 17.4 999.7 14.3 994.9 25.2 994.9 25.2 100.7 














Table 1 A. U-Pb geochronologic analyses from sample  VG24-16 (cont) (n=187)  
 Isotope ratios Apparent ages (Ma)    
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± Conc 
  (ppm)  204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
VG24-16 169 25542 1.3 13.7647 0.8 1.5291 1.9 0.1527 1.7 0.91 916.2 14.6 942.1 11.6 1004.2 16.0 1004.2 16.0 91.2 
VG24-16 169 71184 2.7 13.7451 0.9 1.5859 2.2 0.1582 2.0 0.91 946.6 17.8 964.7 13.9 1007.1 18.8 1007.1 18.8 94.0 
VG24-16 309 15219 3.2 13.7189 1.1 1.6416 2.1 0.1634 1.8 0.86 975.7 16.3 986.3 13.3 1010.9 22.0 1010.9 22.0 96.5 
VG24-16 611 101793 2.8 13.6676 1.0 1.5197 1.6 0.1507 1.3 0.80 904.9 11.1 938.3 10.1 1018.5 20.1 1018.5 20.1 88.8 
VG24-16 472 166242 3.1 13.6143 0.9 1.5580 2.1 0.1539 1.9 0.90 922.8 16.2 953.7 13.0 1026.4 18.7 1026.4 18.7 89.9 
VG24-16 497 90061 1.4 13.6007 1.2 1.6837 2.3 0.1662 2.0 0.86 990.9 18.5 1002.4 14.9 1028.5 24.1 1028.5 24.1 96.3 
VG24-16 121 43252 0.7 13.5920 1.2 1.7455 2.4 0.1721 2.1 0.87 1023.9 19.8 1025.5 15.6 1029.7 24.3 1029.7 24.3 99.4 
VG24-16 200 26949 1.2 13.5751 1.3 1.7229 2.2 0.1697 1.8 0.82 1010.5 16.9 1017.1 14.2 1032.3 25.8 1032.3 25.8 97.9 
VG24-16 278 27321 3.8 13.5624 0.8 1.7281 1.8 0.1701 1.6 0.89 1012.4 14.8 1019.0 11.4 1034.2 16.1 1034.2 16.1 97.9 
VG24-16 70 16790 5.0 13.5285 1.5 1.8485 2.2 0.1814 1.7 0.76 1074.9 16.9 1062.9 14.8 1039.2 29.3 1039.2 29.3 103.4 
VG24-16 399 336333 3.9 13.4873 1.0 1.7744 2.1 0.1736 1.8 0.87 1032.2 17.1 1036.1 13.4 1045.4 20.8 1045.4 20.8 98.7 
VG24-16 356 118806 1.4 13.3873 0.9 1.8212 2.5 0.1769 2.3 0.93 1050.1 22.1 1053.1 16.1 1060.4 18.6 1060.4 18.6 99.0 
VG24-16 134 46390 1.9 13.3833 1.2 1.8313 2.3 0.1778 2.0 0.86 1055.1 19.1 1056.7 15.1 1061.0 23.8 1061.0 23.8 99.4 
VG24-16 14 9922 1.7 13.3819 1.6 1.9228 2.7 0.1867 2.1 0.80 1103.5 21.6 1089.1 17.8 1061.2 32.4 1061.2 32.4 104.0 
VG24-16 203 35863 2.3 13.3667 1.1 1.8583 2.2 0.1802 1.9 0.87 1068.2 18.8 1066.4 14.5 1063.5 22.0 1063.5 22.0 100.4 
VG24-16 199 48012 2.9 13.3025 1.2 1.8995 1.9 0.1833 1.6 0.80 1085.2 15.6 1080.9 12.9 1073.2 23.3 1073.2 23.3 101.1 
VG24-16 55 187710 2.2 13.2279 1.5 1.9981 2.0 0.1918 1.4 0.70 1131.0 14.8 1114.9 13.8 1084.5 29.4 1084.5 29.4 104.3 
VG24-16 711 1198430 2.6 13.1977 1.1 1.8145 1.9 0.1738 1.5 0.81 1032.8 14.4 1050.7 12.1 1089.0 21.6 1089.0 21.6 94.8 
VG24-16 441 1115453 2.7 13.1438 0.9 1.9655 2.4 0.1875 2.3 0.92 1107.6 23.0 1103.8 16.5 1097.2 18.9 1097.2 18.9 100.9 
VG24-16 194 106275 1.3 13.0547 1.2 1.9534 1.9 0.1850 1.6 0.80 1094.4 15.8 1099.6 13.1 1110.8 23.1 1110.8 23.1 98.5 
VG24-16 99 86270 2.3 13.0314 1.1 1.8974 1.9 0.1794 1.5 0.81 1063.8 15.2 1080.2 12.7 1114.4 22.2 1114.4 22.2 95.5 
VG24-16 131 49859 2.6 12.9935 1.2 1.9541 2.4 0.1842 2.1 0.86 1090.1 20.7 1099.9 16.1 1120.2 24.0 1120.2 24.0 97.3 














Table 1 A. U-Pb geochronologic analyses from sample  VG24-16 (cont) (n=187)  
 Isotope ratios Apparent ages (Ma)    
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± Conc 
  (ppm)  204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
VG24-16 80 45253 4.0 12.9890 1.4 1.8335 2.3 0.1728 1.8 0.79 1027.5 17.1 1057.5 15.0 1120.9 27.9 1120.9 27.9 91.7 
VG24-16 140 55991 1.2 12.9465 1.1 1.8448 2.3 0.1733 2.0 0.88 1030.3 18.8 1061.6 14.9 1127.4 21.8 1127.4 21.8 91.4 
VG24-16 29 29555 2.7 12.9112 1.7 1.9574 2.5 0.1834 1.8 0.72 1085.4 17.6 1101.0 16.5 1132.9 34.1 1132.9 34.1 95.8 
VG24-16 209 104768 2.2 12.8970 1.0 2.0482 1.8 0.1917 1.5 0.83 1130.4 15.7 1131.7 12.4 1135.0 20.2 1135.0 20.2 99.6 
VG24-16 297 84359 1.5 12.8858 1.1 1.9984 2.6 0.1868 2.3 0.90 1104.2 23.4 1115.0 17.4 1136.8 22.3 1136.8 22.3 97.1 
VG24-16 248 213255 3.4 12.8842 1.3 1.9435 2.1 0.1817 1.7 0.78 1076.2 16.4 1096.2 14.3 1137.0 26.7 1137.0 26.7 94.6 
VG24-16 47 19046 1.5 12.8807 1.6 2.0964 2.4 0.1959 1.8 0.74 1153.4 18.7 1147.6 16.6 1137.6 32.4 1137.6 32.4 101.4 
VG24-16 204 467648 1.7 12.8162 1.2 1.9846 2.1 0.1846 1.7 0.81 1091.8 16.8 1110.3 14.0 1147.5 24.2 1147.5 24.2 95.1 
VG24-16 593 91663 1.9 12.7180 1.1 2.0877 2.0 0.1927 1.7 0.83 1135.7 17.3 1144.8 13.7 1162.8 22.0 1162.8 22.0 97.7 
VG24-16 274 89194 3.7 12.6956 1.0 2.1494 2.0 0.1980 1.7 0.86 1164.5 18.1 1164.8 13.7 1166.3 19.8 1166.3 19.8 99.9 
VG24-16 144 71498 1.9 12.5698 1.2 2.0294 2.4 0.1851 2.0 0.87 1094.7 20.6 1125.4 16.0 1186.0 23.0 1186.0 23.0 92.3 
VG24-16 299 77780 2.9 12.4356 1.1 2.2658 2.5 0.2044 2.2 0.89 1199.2 24.2 1201.7 17.5 1207.2 21.9 1207.2 21.9 99.3 
VG24-16 243 100042 2.1 12.3609 1.3 2.2972 2.5 0.2060 2.1 0.85 1207.7 23.3 1211.4 17.5 1219.0 25.2 1219.0 25.2 99.1 
VG24-16 119 23733 0.8 12.0639 1.3 2.3381 2.2 0.2047 1.9 0.83 1200.3 20.4 1223.9 16.0 1266.7 24.6 1266.7 24.6 94.8 
VG24-16 195 142043 2.1 12.0248 1.2 2.0102 2.2 0.1754 1.9 0.84 1041.7 18.2 1119.0 15.2 1273.0 23.5 1273.0 23.5 81.8 
VG24-16 282 90334 3.1 11.9802 1.1 2.4769 1.9 0.2153 1.5 0.82 1257.0 17.6 1265.3 13.6 1280.2 20.8 1280.2 20.8 98.2 
VG24-16 65 36540 1.0 11.8272 1.4 2.6883 2.5 0.2307 2.1 0.84 1338.2 25.9 1325.2 18.9 1305.2 26.8 1305.2 26.8 102.5 
VG24-16 8 4947 2.2 11.6485 2.8 2.4237 3.7 0.2049 2.4 0.66 1201.3 26.8 1249.7 26.5 1334.7 53.4 1334.7 53.4 90.0 
VG24-16 131 167264 1.5 11.5884 1.2 2.7535 2.1 0.2315 1.7 0.81 1342.5 21.0 1343.0 15.9 1344.7 24.1 1344.7 24.1 99.8 
VG24-16 761 134319 0.8 11.2294 1.0 2.9045 1.8 0.2367 1.6 0.85 1369.3 19.2 1383.1 13.8 1405.3 18.3 1405.3 18.3 97.4 
VG24-16 275 135283 1.1 11.0846 1.2 2.8750 2.2 0.2312 1.9 0.85 1340.9 22.6 1375.4 16.5 1430.1 22.0 1430.1 22.0 93.8 
VG24-16 368 115447 2.5 11.0468 1.0 2.9105 2.4 0.2333 2.2 0.92 1351.7 26.6 1384.6 18.0 1436.6 18.2 1436.6 18.2 94.1 














Table 1 A. U-Pb geochronologic analyses from sample  VG24-16 (cont) (n=187)  
 Isotope ratios Apparent ages (Ma)    
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± Conc 
  (ppm)  204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
VG24-16 261 67691 1.2 11.0237 1.0 3.0769 2.1 0.2461 1.8 0.87 1418.4 23.1 1426.9 16.1 1440.6 19.9 1440.6 19.9 98.5 
VG24-16 206 966247 1.8 11.0159 0.9 3.0022 2.0 0.2400 1.7 0.88 1386.5 21.4 1408.2 14.9 1441.9 18.0 1441.9 18.0 96.2 
VG24-16 261 102953 2.3 10.8964 1.2 3.3281 2.5 0.2631 2.2 0.88 1505.8 30.1 1487.7 19.8 1462.7 22.6 1462.7 22.6 102.9 
VG24-16 299 33645 1.7 9.1015 1.0 4.9243 2.1 0.3252 1.9 0.88 1815.1 29.5 1806.4 17.8 1797.3 18.1 1797.3 18.1 101.0 
VG24-16 178 601593 1.1 8.9168 1.1 5.0182 2.2 0.3247 1.8 0.85 1812.5 29.2 1822.4 18.4 1834.5 20.7 1834.5 20.7 98.8 
VG24-16 309 113664 0.8 8.8263 0.8 4.5597 1.9 0.2920 1.7 0.91 1651.6 24.7 1741.9 15.5 1853.0 13.8 1853.0 13.8 89.1 
VG24-16 356 262464 1.5 8.6976 0.8 5.1544 2.3 0.3253 2.2 0.94 1815.5 34.3 1845.1 19.5 1879.5 13.8 1879.5 13.8 96.6 
VG24-16 294 97382 1.1 8.4652 0.8 5.6202 1.8 0.3452 1.6 0.90 1911.7 26.7 1919.2 15.4 1928.1 13.7 1928.1 13.7 99.1 
VG24-16 169 315899 1.0 5.7058 1.0 11.6241 1.7 0.4812 1.3 0.82 2532.7 28.2 2574.6 15.4 2608.5 15.9 2608.5 15.9 97.1 
ages for grains<1000 Ma based on 206Pb/238U values; ages for grains>1000 Ma based on 206Pb/207Pb 
 
Table 1 B. U-Pb geochronologic analyses from sample  VLP001-17 (n=106)  
  Isotope ratios Apparent ages (Ma)       
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 




  (ppm)  204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
VLP001-17 120 17936 1.9 18.2704 3.7 0.1209 4.2 0.0160 2.0 0.47 102.5 2.0 115.9 4.6 400.4 83.9 102.5 2.0 NA 
VLP001-17 414 55038 1.0 19.8871 1.4 0.1151 1.8 0.0166 1.1 0.61 106.2 1.2 110.6 1.9 207.1 33.2 106.2 1.2 NA 
VLP001-17 914 11906 1.2 17.0468 1.5 0.1358 1.9 0.0168 1.2 0.63 107.4 1.3 129.3 2.3 553.6 32.6 107.4 1.3 NA 
VLP001-17 234 3209 1.6 22.5421 5.7 0.1028 6.0 0.0168 1.8 0.30 107.5 1.9 99.4 5.7 NA NA 107.5 1.9 NA 
VLP001-17 503 45196 1.5 20.2397 1.7 0.1159 2.4 0.0170 1.7 0.72 108.8 1.8 111.3 2.5 166.2 38.6 108.8 1.8 NA 
VLP001-17 223 77476 1.4 18.7374 2.6 0.1262 3.1 0.0172 1.6 0.53 109.6 1.8 120.6 3.5 343.5 59.4 109.6 1.8 NA 














Table 1 B. U-Pb geochronologic analyses from sample  VLP001-17 (cont) (n=106)  
  Isotope ratios Apparent ages (Ma)       
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 




  (ppm)  204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
VLP001-17 193 10544 1.4 18.9213 1.4 0.1250 1.9 0.0172 1.3 0.68 109.7 1.4 119.6 2.1 321.4 31.1 109.7 1.4 NA 
VLP001-17 433 15399 1.5 19.0962 1.9 0.1240 2.4 0.0172 1.5 0.63 109.8 1.7 118.7 2.7 300.5 43.5 109.8 1.7 NA 
VLP001-17 382 7336 1.8 21.1992 2.1 0.1119 2.8 0.0172 1.9 0.68 110.0 2.1 107.7 2.9 56.9 49.0 110.0 2.1 NA 
VLP001-17 562 11546 0.9 21.1320 1.3 0.1131 1.8 0.0173 1.1 0.65 110.8 1.2 108.8 1.8 64.4 31.9 110.8 1.2 NA 
VLP001-17 170 11078 1.7 19.2345 2.7 0.1257 3.0 0.0175 1.5 0.49 112.1 1.7 120.2 3.5 284.0 60.6 112.1 1.7 NA 
VLP001-17 178 7987 0.9 12.1384 2.6 0.2016 3.7 0.0178 2.7 0.72 113.4 3.0 186.5 6.3 1253.8 50.7 113.4 3.0 NA 
VLP001-17 195 11928 1.9 18.0292 2.2 0.1358 2.9 0.0178 1.9 0.65 113.5 2.1 129.3 3.5 430.0 49.4 113.5 2.1 NA 
VLP001-17 434 4412 1.0 16.1289 2.3 0.1520 2.8 0.0178 1.5 0.55 113.7 1.7 143.7 3.7 673.2 49.7 113.7 1.7 NA 
VLP001-17 73 2854 1.4 11.7642 4.2 0.2089 4.7 0.0178 2.3 0.48 113.9 2.6 192.6 8.3 1314.8 80.5 113.9 2.6 NA 
VLP001-17 87 2023 1.4 25.4933 4.0 0.1011 5.7 0.0187 4.0 0.71 119.5 4.7 97.8 5.3 NA NA 119.5 4.7 NA 
VLP001-17 293 55100 1.9 21.3427 1.9 0.1230 2.6 0.0191 1.7 0.66 121.7 2.1 117.8 2.9 40.8 46.5 121.7 2.1 NA 
VLP001-17 375 2128 2.0 17.1806 2.0 0.1533 2.5 0.0191 1.5 0.60 122.0 1.8 144.8 3.3 536.5 42.9 122.0 1.8 NA 
VLP001-17 174 4751 2.1 18.1204 3.7 0.1521 5.2 0.0200 3.6 0.70 127.6 4.6 143.7 6.9 418.8 82.6 127.6 4.6 NA 
VLP001-17 182 6644 2.2 17.4308 3.2 0.1726 4.5 0.0218 3.2 0.70 139.2 4.4 161.7 6.7 504.8 70.5 139.2 4.4 NA 
VLP001-17 194 1598 1.0 20.7949 9.4 0.1500 9.9 0.0226 3.1 0.32 144.2 4.5 141.9 13.1 102.6 222.6 144.2 4.5 NA 
VLP001-17 1065 228325 0.8 20.0970 0.6 0.1590 1.3 0.0232 1.1 0.90 147.8 1.7 149.9 1.8 182.7 13.1 147.8 1.7 NA 
VLP001-17 414 32858 1.0 16.7084 2.2 0.1974 2.9 0.0239 1.8 0.63 152.5 2.7 182.9 4.8 597.2 48.6 152.5 2.7 NA 
VLP001-17 447 15286 0.8 20.3595 1.4 0.1635 1.9 0.0242 1.3 0.67 153.8 2.0 153.8 2.7 152.4 33.4 153.8 2.0 NA 
VLP001-17 206 7794 0.8 15.8653 2.0 0.3424 2.6 0.0394 1.7 0.64 249.2 4.0 299.0 6.7 708.3 42.3 249.2 4.0 NA 
VLP001-17 378 117508 2.6 18.9876 1.2 0.2866 1.7 0.0395 1.2 0.71 249.6 3.0 255.8 3.9 313.5 28.0 249.6 3.0 NA 
VLP001-17 281 4849 1.8 16.3291 1.5 0.3448 1.7 0.0409 1.0 0.55 258.1 2.4 300.8 4.5 646.8 31.4 258.1 2.4 NA 
VLP001-17 91 19896 2.3 19.7654 2.1 0.2860 2.6 0.0410 1.5 0.59 259.1 3.9 255.4 5.9 221.3 48.6 259.1 3.9 NA 














Table 1 B. U-Pb geochronologic analyses from sample  VLP001-17 (cont) (n=106)  
  Isotope ratios Apparent ages (Ma)       
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 




  (ppm)  204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
VLP001-17 210 19187 1.3 18.1638 1.5 0.3113 2.0 0.0410 1.3 0.65 259.2 3.3 275.2 4.8 413.4 33.8 259.2 3.3 NA 
VLP001-17 272 31271 1.0 19.2058 1.1 0.3000 1.4 0.0418 0.8 0.62 264.0 2.2 266.4 3.2 287.4 24.4 264.0 2.2 NA 
VLP001-17 129 2588 2.0 11.6196 8.4 0.4986 8.6 0.0420 1.9 0.22 265.4 4.9 410.7 29.1 1338.7 162.5 265.4 4.9 NA 
VLP001-17 194 7186 2.4 20.0485 1.2 0.2890 1.7 0.0420 1.2 0.69 265.5 3.1 257.8 3.9 188.3 28.8 265.5 3.1 NA 
VLP001-17 156 4973 1.1 18.4700 1.9 0.3148 2.3 0.0422 1.3 0.56 266.4 3.4 277.9 5.6 376.0 42.9 266.4 3.4 NA 
VLP001-17 205 6569 1.9 19.2891 1.4 0.3017 2.3 0.0422 1.8 0.79 266.6 4.7 267.7 5.4 277.5 32.3 266.6 4.7 NA 
VLP001-17 429 25563 2.8 19.1821 1.3 0.3040 2.2 0.0423 1.9 0.83 267.1 4.9 269.5 5.3 290.2 28.7 267.1 4.9 NA 
VLP001-17 102 5174 2.3 16.8738 2.3 0.3469 2.7 0.0425 1.4 0.54 268.1 3.8 302.4 7.1 575.8 49.5 268.1 3.8 NA 
VLP001-17 98 71429 0.8 16.9648 2.7 0.3454 3.2 0.0425 1.6 0.51 268.4 4.3 301.3 8.2 564.1 59.0 268.4 4.3 NA 
VLP001-17 35 52911 1.9 19.0011 4.1 0.3088 6.7 0.0426 5.3 0.79 268.8 13.9 273.2 16.1 311.8 94.0 268.8 13.9 NA 
VLP001-17 245 52530 2.2 19.4945 1.4 0.3024 2.5 0.0428 2.0 0.82 270.0 5.3 268.2 5.8 253.2 32.1 270.0 5.3 NA 
VLP001-17 1048 75716 1.3 18.6614 0.7 0.3161 1.3 0.0428 1.1 0.86 270.2 3.0 278.9 3.2 352.7 14.9 270.2 3.0 NA 
VLP001-17 282 8555 1.3 19.1246 1.5 0.3099 2.1 0.0430 1.4 0.69 271.4 3.8 274.1 4.9 297.1 34.0 271.4 3.8 NA 
VLP001-17 157 7888 1.6 19.2925 1.5 0.3078 1.9 0.0431 1.2 0.64 271.9 3.2 272.5 4.5 277.1 33.3 271.9 3.2 NA 
VLP001-17 23 747 1.8 31.3595 17.7 0.1901 18.1 0.0433 3.7 0.20 273.0 9.9 176.7 29.3 NA NA 273.0 9.9 NA 
VLP001-17 410 8626 1.5 18.0594 1.3 0.3307 1.8 0.0433 1.2 0.68 273.5 3.3 290.1 4.6 426.3 29.8 273.5 3.3 NA 
VLP001-17 154 10368 1.7 19.8892 1.8 0.3048 2.5 0.0440 1.7 0.69 277.5 4.6 270.2 5.8 206.9 41.4 277.5 4.6 NA 
VLP001-17 35 1558 1.0 18.1271 3.4 0.3366 3.8 0.0443 1.6 0.44 279.2 4.5 294.6 9.6 418.0 75.8 279.2 4.5 NA 
VLP001-17 368 7022 1.0 20.3815 1.5 0.2997 1.9 0.0443 1.1 0.62 279.5 3.1 266.1 4.3 149.9 34.0 279.5 3.1 NA 
VLP001-17 205 7975 2.6 17.2122 1.5 0.3602 2.2 0.0450 1.5 0.71 283.6 4.3 312.4 5.8 532.5 33.1 283.6 4.3 NA 
VLP001-17 456 16650 1.6 18.9930 0.9 0.3276 1.8 0.0451 1.6 0.86 284.7 4.4 287.7 4.6 312.8 21.2 284.7 4.4 NA 
VLP001-17 621 72131 2.1 19.0728 1.0 0.3289 1.5 0.0455 1.2 0.77 287.0 3.3 288.8 3.9 303.2 22.4 287.0 3.3 NA 














Table 1 B. U-Pb geochronologic analyses from sample  VLP001-17 (cont) (n=106)  
  Isotope ratios Apparent ages (Ma)       
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 




  (ppm)  204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
VLP001-17 213 6807 3.3 17.7634 2.4 0.3565 3.0 0.0460 1.8 0.59 289.6 5.0 309.6 8.0 463.1 53.4 289.6 5.0 NA 
VLP001-17 588 12323 2.1 19.9613 0.9 0.3234 1.3 0.0468 1.0 0.77 295.1 2.9 284.5 3.3 198.5 19.9 295.1 2.9 NA 
VLP001-17 691 11389 2.0 17.8888 0.9 0.3643 1.6 0.0473 1.3 0.81 297.8 3.7 315.4 4.3 447.4 20.7 297.8 3.7 NA 
VLP001-17 521 62436 2.9 19.2037 0.9 0.3430 1.5 0.0478 1.2 0.80 300.9 3.4 299.4 3.8 287.6 20.0 300.9 3.4 NA 
VLP001-17 508 154418 3.3 18.8684 0.8 0.3625 1.4 0.0496 1.1 0.80 312.3 3.4 314.1 3.7 327.7 18.7 312.3 3.4 NA 
VLP001-17 338 8565 2.4 19.4395 1.5 0.3623 2.2 0.0511 1.6 0.74 321.3 5.0 313.9 5.8 259.7 33.6 321.3 5.0 NA 
VLP001-17 60 2902 3.7 20.5127 5.1 0.3627 6.4 0.0540 3.8 0.60 339.0 12.6 314.3 17.3 134.8 120.3 339.0 12.6 NA 
VLP001-17 349 25739 0.7 17.8239 1.0 0.4561 1.6 0.0590 1.3 0.77 369.5 4.5 381.6 5.1 455.5 22.7 369.5 4.5 NA 
VLP001-17 252 8011 1.9 18.9691 2.0 0.4468 2.4 0.0615 1.3 0.54 384.7 4.8 375.0 7.5 315.6 45.9 384.7 4.8 NA 
VLP001-17 842 92914 1.6 18.2547 0.9 0.4727 1.7 0.0626 1.4 0.83 391.4 5.2 393.0 5.4 402.3 21.0 391.4 5.2 NA 
VLP001-17 314 75017 1.6 17.6549 1.3 0.4894 1.8 0.0627 1.3 0.71 392.0 4.9 404.5 6.1 476.6 28.5 392.0 4.9 NA 
VLP001-17 608 153448 2.6 17.3073 0.8 0.5175 1.7 0.0650 1.4 0.86 405.9 5.6 423.5 5.7 520.4 18.5 405.9 5.6 78.0 
VLP001-17 610 33871 2.1 17.7079 0.9 0.5063 1.7 0.0651 1.4 0.83 406.3 5.5 416.0 5.7 470.0 20.5 406.3 5.5 86.4 
VLP001-17 243 15925 1.1 18.0184 1.2 0.5040 1.5 0.0659 0.9 0.60 411.4 3.6 414.4 5.1 431.4 27.0 411.4 3.6 95.4 
VLP001-17 353 40172 19.3 18.0548 1.2 0.5621 2.0 0.0736 1.6 0.78 458.1 6.9 452.9 7.2 426.9 27.6 458.1 6.9 107.3 
VLP001-17 815 1664946 1.7 17.5115 1.0 0.5873 2.1 0.0746 1.8 0.88 463.9 8.2 469.1 7.8 494.7 21.9 463.9 8.2 93.8 
VLP001-17 565 305738 1.7 17.9295 0.8 0.5909 1.5 0.0769 1.2 0.84 477.4 5.6 471.4 5.5 442.4 17.9 477.4 5.6 107.9 
VLP001-17 642 58510 1.2 17.3896 0.9 0.6117 1.7 0.0772 1.4 0.85 479.3 6.6 484.6 6.4 510.0 19.2 479.3 6.6 94.0 
VLP001-17 66 4047 1.9 17.8969 3.6 0.6349 3.9 0.0825 1.6 0.40 510.7 7.8 499.2 15.6 446.4 80.4 510.7 7.8 114.4 
VLP001-17 179 33868 2.7 17.9195 1.4 0.6506 2.0 0.0846 1.5 0.73 523.5 7.5 508.8 8.2 443.6 31.2 523.5 7.5 118.0 
VLP001-17 228 7993 2.8 17.4053 1.3 0.6864 2.1 0.0867 1.6 0.78 535.9 8.3 530.7 8.6 508.0 29.0 535.9 8.3 105.5 
VLP001-17 235 17737 3.7 17.4931 1.2 0.6877 2.1 0.0873 1.8 0.83 539.5 9.1 531.4 8.8 497.0 26.0 539.5 9.1 108.6 














Table 1 B. U-Pb geochronologic analyses from sample  VLP001-17 (cont) (n=106)  
  Isotope ratios Apparent ages (Ma)       
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 




  (ppm)  204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
VLP001-17 318 20905 6.3 17.2458 1.0 0.7087 1.7 0.0887 1.4 0.82 547.7 7.3 544.0 7.1 528.3 21.5 547.7 7.3 103.7 
VLP001-17 328 91414 2.9 15.7872 1.2 0.7748 1.7 0.0888 1.2 0.71 548.1 6.3 582.5 7.4 718.8 25.0 548.1 6.3 76.3 
VLP001-17 305 706485 1.7 16.1053 1.2 0.7651 1.6 0.0894 1.1 0.70 552.0 6.1 577.0 7.2 676.3 25.0 552.0 6.1 81.6 
VLP001-17 238 14488 0.8 17.3715 1.3 0.7228 1.9 0.0911 1.4 0.72 562.0 7.4 552.3 8.2 512.3 29.3 562.0 7.4 109.7 
VLP001-17 620 61174 6.0 17.1163 1.0 0.7336 1.9 0.0911 1.6 0.84 562.1 8.5 558.7 8.1 544.7 22.5 562.1 8.5 103.2 
VLP001-17 378 188725 1.2 16.5982 0.7 0.7803 1.4 0.0940 1.1 0.84 579.0 6.3 585.6 6.0 611.5 15.7 579.0 6.3 94.7 
VLP001-17 160 41165 5.1 14.3789 1.3 0.9032 1.8 0.0942 1.3 0.71 580.5 7.2 653.4 8.8 914.1 26.4 580.5 7.2 63.5 
VLP001-17 326 35620 1.6 16.9231 1.0 0.7800 1.7 0.0958 1.3 0.80 589.6 7.5 585.5 7.4 569.5 21.7 589.6 7.5 103.5 
VLP001-17 267 28242 1.0 16.5574 0.8 0.8163 1.4 0.0981 1.1 0.80 603.1 6.2 606.0 6.2 616.8 17.5 603.1 6.2 97.8 
VLP001-17 402 92865 3.2 16.7246 0.8 0.8083 1.6 0.0981 1.3 0.84 603.2 7.6 601.5 7.1 595.1 18.1 603.2 7.6 101.4 
VLP001-17 832 369886 21.1 16.5473 0.6 0.8424 1.2 0.1011 1.1 0.89 621.1 6.4 620.5 5.6 618.1 12.2 621.1 6.4 100.5 
VLP001-17 597 1441196 13.5 16.0254 0.8 0.8866 1.6 0.1031 1.4 0.86 632.5 8.3 644.5 7.6 686.9 17.2 632.5 8.3 92.1 
VLP001-17 128 12601 1.6 15.2767 1.3 0.9470 1.7 0.1050 1.1 0.66 643.5 6.7 676.6 8.2 788.2 26.4 643.5 6.7 81.6 
VLP001-17 193 31783 1.5 16.3573 1.1 0.8933 1.7 0.1060 1.3 0.77 649.6 8.2 648.1 8.3 643.1 23.9 649.6 8.2 101.0 
VLP001-17 157 37743 3.6 15.8244 1.0 0.9333 1.6 0.1072 1.3 0.80 656.3 8.1 669.4 7.9 713.8 20.5 656.3 8.1 91.9 
VLP001-17 182 16442 2.5 15.2048 1.3 1.0016 2.2 0.1105 1.8 0.81 675.6 11.4 704.6 11.2 798.1 27.1 675.6 11.4 84.7 
VLP001-17 89 11259 1.1 15.3696 1.3 1.0028 2.0 0.1118 1.4 0.73 683.4 9.3 705.2 9.9 775.4 27.9 683.4 9.3 88.1 
VLP001-17 334 30881 5.9 14.2650 0.8 1.2464 1.4 0.1290 1.1 0.81 782.2 8.3 821.8 7.8 930.5 16.6 782.2 8.3 84.1 
VLP001-17 409 21332248 3.4 13.3609 0.5 1.8699 1.2 0.1813 1.1 0.93 1073.9 11.3 1070.5 8.1 1063.5 9.4 1063.5 9.4 101.0 
VLP001-17 132 181052 2.8 13.3186 0.9 1.8244 1.7 0.1763 1.5 0.85 1046.8 14.4 1054.3 11.5 1069.9 18.4 1069.9 18.4 97.8 
VLP001-17 106 63213 2.0 13.1467 1.2 1.9405 2.0 0.1851 1.6 0.81 1094.8 16.4 1095.2 13.4 1095.9 23.4 1095.9 23.4 99.9 
VLP001-17 97 24048 2.2 13.0823 1.2 1.9312 1.9 0.1833 1.4 0.76 1085.0 14.1 1091.9 12.4 1105.7 24.0 1105.7 24.0 98.1 














Table 1 B. U-Pb geochronologic analyses from sample  VLP001-17 (cont) (n=106)  
  Isotope ratios Apparent ages (Ma)       
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 




  (ppm)  204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
VLP001-17 60 26314 1.8 12.8546 1.3 2.0026 1.7 0.1868 1.2 0.68 1103.9 12.0 1116.4 11.8 1140.7 25.2 1140.7 25.2 96.8 
VLP001-17 266 101665 1.4 12.5548 0.7 2.2235 1.1 0.2025 0.9 0.81 1189.0 10.0 1188.5 8.0 1187.5 13.3 1187.5 13.3 100.1 
VLP001-17 83 39104 1.5 12.5183 1.2 2.0107 1.8 0.1826 1.3 0.73 1081.3 13.3 1119.1 12.4 1193.2 24.6 1193.2 24.6 90.6 
VLP001-17 49 3341 2.2 12.3348 1.0 1.9195 2.2 0.1718 1.9 0.88 1022.0 18.1 1087.9 14.6 1222.3 20.6 1222.3 20.6 83.6 
VLP001-17 241 63172 2.6 11.4044 0.7 2.8114 1.6 0.2326 1.4 0.89 1348.3 17.5 1358.6 12.1 1374.7 14.3 1374.7 14.3 98.1 
VLP001-17 261 69840 1.3 11.0092 0.7 3.0139 1.6 0.2408 1.4 0.89 1390.6 17.8 1411.2 12.3 1442.3 14.3 1442.3 14.3 96.4 
VLP001-17 120 304235 1.1 9.3129 0.9 4.4229 1.7 0.2989 1.5 0.85 1685.7 21.7 1716.6 14.2 1754.6 16.4 1754.6 16.4 96.1 
VLP001-17 139 42610 1.2 9.1907 0.9 4.4828 1.6 0.2989 1.3 0.83 1686.1 19.5 1727.8 13.2 1778.7 16.4 1778.7 16.4 94.8 
VLP001-17 193 95354 1.0 7.8383 0.7 6.4214 1.3 0.3652 1.1 0.83 2006.8 18.9 2035.2 11.6 2064.1 13.0 2064.1 13.0 97.2 
VLP001-17 325 300668 13.5 5.2138 0.5 13.3860 1.0 0.5064 0.9 0.89 2641.2 18.8 2707.3 9.3 2756.9 7.5 2756.9 7.5 95.8 
VLP001-17 234 30733 0.9 5.2035 0.7 11.7247 1.9 0.4427 1.8 0.92 2362.6 34.8 2582.7 17.8 2760.2 12.0 2760.2 12.0 85.6 
VLP001-17 407 520201 2.1 5.1376 0.6 13.5228 1.5 0.5041 1.4 0.92 2631.4 30.5 2716.9 14.6 2781.1 10.0 2781.1 10.0 94.6 



























































































































































































































Sample A B C D E F G H 
VG24-16 4 50 4 11 20 7 3 1 














References of manuscript: SAMES_2019_42 
Title of manuscript: Onset of foreland basin deposition in the Neuquén Basin (34°-
35°S): new data from sedimentary petrology and U-Pb dating of detrital zircons 
from the Upper Cretaceous non-marine deposits 
• The petrographic analysis shows that the sandstones of the Diamante Formation 
are mainly feldspatic litharenites and minor litharenites. The source areas are 
recycled orogen and transitional recycled.  
• The variations in the U-Pb age patterns were probably ssociated with an 
increase in the volcanic activity in the beginning of the Late Cretaceous and the 
Andean exhumation during Albian to Campanian times.  
• The presence of limestone fragments with ammonites in conglomerates from 
both study areas suggest provenance from the western Andean orogen 
• The maximum depositional ages of Diamante Formation (34-35°S) are 
107.2±1.4 Ma and 91.1±2.2 Ma.  
• The data shows an evidence of the diachronism in Andea  uplift, indicating that 
the uplift of the Andes started earlier in the northe n sector of the Neuquén 
Basin. 
 
 
